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Summary 
The current trend in the aquaculture industry of replacing fish meal and fish oil by alternative 

ingredients is reducing the levels of n-3 LCPUFA and microelements such as iodine and 

vitamin D3, of which fish is the main natural food source. Exogenous feeding in aquaculture 

unlocks the possibility to tailor fish composition with healthy beneficial nutrients improving 

quality and nutritional value of edible fish. An on-line survey to inquire about the concept of 

fish fortification (chapter 2) showed that half of respondents agreed with it and were willing 

to consume fortified fish. Respondents less interested on fish origin (wild vs aquaculture) 

were more receptive to fortification. Subsequently, several experimental trials were 

undertaken targeting the muscle fortification of gilthead seabream and rainbow trout with 

health beneficial compounds. Seabream and trout were able to accumulate iodine and 

selenium in muscle as response to a dietary fortification of these trace minerals, supplied 

from distinct sources (chapter 3). At similar supplementation levels, the maximum fillet 

iodine content found in seabream was higher than that found in trout which is probably 

associated with the physiological needs for homeostasis of freshwater and marine fish. 

Efficacy of dietary fortifications aiming to raise iodine concentration in fish muscle may be 

more dependent on the targeted fish species than on the iodine source used. In trout, an 

effective muscle fortification with selenium was achieved with a selenised yeast 

supplemented diet. Fortification of fish muscle with vitamin D3 via dietary supplementation 

is apparently a more complex process, showing variable results (chapter 4). Raising dietary 

vitamin D3 from a basal level to the maximum permitted level did not significantly enhance 

fillet vitamin D3 contents. In chapter 5, a study was undertaken to assess the potential of 

microalgae biomass, from the diatom Phaeodactylum tricornutum, as a functional ingredient 

in seabream feeds. Results showed that algae-fed seabream positively improved external 

appearence, originating a more vivid yellow pigmentation of the operculum and a lighter 

colouration of ventral skin. Moreover, an untrained consumer panel showed a clear 

preference for algae-fed fish when compared with those fed a commercial diet. Marine-

derived raw materials traditionally used in aquafeeds are scarce resources, mainly fish oil 

rich in n-3 LCPUFA. To tackle the low retention of dietary EPA and DHA in fish, our work 
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focused on a nutritional strategy to foster the metabolic sparing of n-3 LCPUFA in gilthead 

seabream fillets (Chapter 6). The fatty acid composition of tissues is not solely dependent on 

the quantitative fatty composition of feeds but is also affected by their relative ratios. The 

initial fatty acid composition of fish seems to play a significant role on the EPA and DHA 

sparing efficiency. A higher MUFA intake led to a significant increase on EPA and DHA 

retention in fish with a vegetable nutritional background. Retention of combined EPA and 

DHA in seabream fillets was relatively low, with DHA retention generally more than double 

of EPA.  

The use of natural/organic compound sources in fortification trials were equally or more 

efficacious than the synthetic ones and should be considered adequate alternatives. In the 

various fortification trials, the nutritional contribution of trout and seabream fillets (160 g 

serving) to the daily adequate intake of combined EPA and DHA was well above the 

recommended levels. The serving amount of trout fillets could contribute to 98% of 

selenium, over 100% of vitamin D3 and 13% of iodine Daily Recommended Intakes, 

respectively. In turn, the consumption of 160g of seabream fillets would cover 60% of vitamin 

D3 and 84% of iodine Daily Recommended Intake levels. The fortification strategies enhanced 

the nutritional contribution of seabream and trout fillets in health beneficial compounds 

resulting in novel products, and thus resulting in potential candidates to the functional foods 

market. Throughout our work we contributed towards the generation of new data on the 

efficacy of feed fortification strategies as tools to modulate several traits of farmed fish.  

Keywords: Fish nutrition; Feed fortification; Fish quality; Nutritional contribution; 

Consumers’ perception; Functional foods
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Resumo 
A actual tendência na indústria de aquacultura para substituir a farinha de peixe e o óleo de 

peixe por fontes alternativas tem reduzido os níveis de n-3 LCPUFA e microelementos, como 

iodo e vitamina D3, dos quais o pescado é a principal fonte alimentar natural. A utilização de 

dietas compostas permite modular a alimentação dos peixes com nutrientes benéficos para 

a saúde de forma a melhorar a qualidade e o valor nutricional do pescado. A aplicação de um 

questionário on-line sobre o conceito de fortificação (capítulo 2) revelou que metade dos 

entrevistados concorda com a fortificação de peixes e estaria disposta a consumir peixe 

fortificado. Os entrevistados que mostraram um menor interesse em conhecer a origem do 

pescado (i.e. selvagem vs aquacultura) foram os mais receptivos ao conceito de fortificação. 

Seguidamente, foram realizados vários ensaios experimentais tendo como principal 

objectivo a fortificação dos músculos de dourada e de truta arco-íris com compostos 

benéficos para a saúde humana. Verificou-se um aumento da concentração de iodo e selénio 

no músculo de dourada e truta como resposta a uma fortificação desses minerais, 

provenientes de fontes distintas (Capítulo 3). Utilizando níveis semelhantes de 

suplementação, verificou-se que o teor máximo de iodo no filete de dourada foi maior do 

que o de truta, o que provavelmente estará associado às diferentes necessidades fisiológicas 

de homeostasia entre peixes de água doce e marinhos. A eficácia da suplementação 

alimentar para aumentar a concentração de iodo no músculo dos peixes poderá estar mais 

dependente da espécie do que da fonte de iodo utilizada. Na truta, obteve-se uma 

fortificação eficaz de selénio no músculo, após a utilização de uma dieta suplementada com 

levedura selenizada. A fortificação do músculo de peixes com suplementação alimentar de 

vitamina D3 é, aparentemente, um processo mais complexo apresentando resultados 

variáveis (capítulo 4). O aumento de vitamina D3 na dieta, de um nível basal para o nível 

máximo permitido, não resultou num aumento significativo da concentração de vitamina D3 

no músculo. No capítulo 5, discutem-se resultados de um estudo para avaliar o potencial da 

biomassa de microalgas, recorrendo à diatomácea Phaeodactylum tricornutum, como 

ingrediente funcional em alimentos para dourada. Observou-se que a utilização de 

microalgas na dieta permitiu tornar mais apelativa a aparência externa dos peixes, 
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originando uma pigmentação amarela mais viva no opérculo e uma coloração mais clara na 

região ventral. Além disso, uma avaliação visual realizada por um painel não treinado, 

mostrou uma clara preferência pelos peixes alimentados com microalgas comparativamente 

aos alimentados com uma dieta comercial. As matérias-primas provenientes de espécies 

marinhas, tradicionalmente usadas em alimentos para aquacultura, são recursos escassos, 

em particular o óleo de peixe rico em n-3 LCPUFA. De forma a estudar a baixa retenção de 

EPA e DHA alimentar pelos peixes, desenvolveu-se uma estratégia nutricional para promover 

a retenção metabólica de n-3 LCPUFA no músculo de dourada (Capítulo 6). A composição em 

ácidos gordos nos tecidos não depende apenas da concentração em gordura dos alimentos, 

mas é influenciada pelas suas proporções relativas. A composição inicial em ácidos gordos 

no peixe parece desempenhar um papel importante na eficiência de retenção de EPA e DHA. 

Observou-se um aumento significativo da retenção de EPA e DHA com a ingestão de MUFA 

em peixes inicialmente alimentados com uma dieta à base de ingredientes vegetais. A 

retenção de EPA e DHA no músculo de dourada foi relativamente baixa, sendo a retenção de 

DHA, geralmente, mais do dobro de EPA. 

Em conclusão, relativamente a ensaios de fortificação, a utilização de compostos a partir de 

fontes naturais e/ou orgânicas foi considerada igualmente ou mais eficaz do que a partir de 

fontes sintéticas. Nos diversos ensaios de fortificação realizados verificou-se que o 

contributo nutricional dos filetes de truta e de dourada (dose de 160 g) para uma Ingestão 

Diária Adequada de EPA e DHA foi acima dos níveis recomendados. A mesma dose de filetes 

de truta tem um contributo de 98% em selénio, mais de 100% em vitamina D3 e 13% em 

iodo, para a Dose Diária Recomendada. O consumo de 160g de filetes de dourada cobre 60% 

em vitamina D3 e 84% em iodo dos níveis da Dose Diária Recomendada. As estratégias de 

fortificação promoveram o aumento do contributo nutricional dos filetes de truta e de 

dourada, em compostos benéficos para a saúde, resultando em novos produtos, 

potencialmente candidatos ao mercado de alimentos funcionais. Ao longo do nosso trabalho, 

foi possível gerar novos conhecimentos sobre a eficácia de fortificação de rações como 

ferramentas para modular características nutricionais e de qualidade do pescado de 

aquacultura. 
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1.1. Introduction 

The world is constantly evolving, new technologies are designed, and industrial processes 

are becoming more efficient. In food sector, new ingredients are produced, and novel 

methods are developed every day, responding to growing needs of world population. The 

fisheries sector presents no exception to this development; however, it is restricted by the 

limited availability of natural marine and freshwater resources. As world population grows, 

aquaculture production is expected to respond to the increasing demand towards fish and 

seafood products and therefore needs to tackle the issues adjacent to this rapid increase. 

The aquaculture industry, and in particular the fish farming of carnivorous fish, is dependent 

on marine derived ingredients extracted from wild fish stocks. The efficient use of these 

limited marine ingredients, mainly fish meal (FM) and fish oil (FO), is a huge and urgent 

challenge. The partial substitution of FM and FO in the manufacture feed sector by vegetable 

ingredients is already acceptable as a current practice without major impacts on animal 

growth performance. However, concerns arise with the effects of FM and FO substitutions 

on the nutritional value of fish muscle and concomitant beneficial nutrients for human diets. 

Food and nutrition science have moved from identifying and correcting nutritional 

deficiencies to designing foods that promote optimal health and reduce the risk of disease. 

Food has a direct implication on the human health and well-being with scientific evidences 

on the relation between food and health emerging at a rapid pace. Lately, an important 

research focus applied on personalized nutrition has been revealing a better understanding 

of the relation between food and gene expression, showing the magnitude of the nutritional 

effects on the functioning of human organisms. 

Eating is frequently a hedonistic and social act. However, consumers are becoming more 

aware of food beneficial effects and hazards and care for a balanced and nutritious diet. The 

impressive availability of different foodstuff and the increasing knowledge of food traits are 

leading consumers to have a more active role regarding their diets. Fish and seafood are 

generally considered nutritious products and contributing to a healthy eating behaviour. As 

stated by FAO (2014): “All foods have benefits and risks associated with their consumption, 

but very few foods provide the benefits to the same levels as do fish products”. Within this 
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context, aquaculture has a prominent role contributing for a better nutrition by improving 

fish as food for human consumption. 

 

1.2. Seafood consumption trends and contribution to human dietary patterns 

worldwide: differences by regions 

Fish is consumed worldwide. According to FAO’s most recent data, in 2016, 170.9 million 

tonnes of fish as food were produced in the world and an apparent per capita consumption 

is estimated to have reached 20.3 kg in 2016 (FAO, 2018a). Twenty-five years earlier, in 1990, 

world production was 97.8 million tonnes, and per capita consumption nearly 13,3 kg/year 

(FAO, 2018b; FAOSTATS, 1990).  

Fish as food supply have been steadily increasing mainly owed to aquaculture expansion and 

consumers demand having, since the year 2000, outpaced the world population growth. Fish 

and seafood are valuable sources of animal protein and the contribution of fish for global 

animal protein intake was 16.9 percent in 2013 and 6.7 percent of all plant and animal 

protein consumed (FAO, 2018b). However, fish distribution and availability have been 

uneven, the lowest supply is observed in Africa and two-thirds of the total fish supply is 

accounted in Asia, where China is responsible for the highest per capita growth. In developed 

regions fish consumption values have been oscillating with a tendency to decrease (fig. 1.1). 

FAO prospects (2014) on fish as food consumption refer an increase in all Continents except 

in Africa since supply will not be able to cope with population growth. In many developed 

countries consumption will show only a minor growth and developing countries are expected 

to have 91 percent of total fish consumption increase. In fact, African and Asian countries, 

where total protein intake are respectively 67 and 78 g/per capita/day, are much more 

dependent on aquatic animal protein (18.4% and 23%) than industrialized countries (e. g. 

7.5% in Northern America) where protein consumption is over 109 g/per capita/day (FAO, 

2018b). It is generally observed that the percentage of animal protein, within total protein 

consumed, increases with countries income. However, apart from Japan, this increase is 

mostly owed to the intake of terrestrial animal proteins.  
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Figure 1.1. Fish consumption per capita in the world (kg, 2007 – 2011) (from EUMOFA, 
2015) 

As observed in figure 1.2, in 2011, fish represented a very important parcel, over 50 percent, 

of total animal protein intake in several Asian low-income countries like Indonesia or 

Bangladesh and over 40 percent in Philippines, whereas in Australia, USA and some European 

countries fish intake accounted less than 10 percent of the protein intake (fig. 1.2). 

Particularly in the EU, the 2011 scenario was similar, the consumption of proteins from fish 

and seafood was, on average, 7 percent of total protein intake (EUMOFA, 2015).  
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Figure 1.2. Percent of fish protein of animal protein by countries per capita Gross National 
Income (GNI). Source: FAO (2012) and World DataBank (data from 2011) 
Adapted from Jensen, 2006. 

 

Fish consumption patterns vary among populations and are largely related with resource 

endowment and culture more than with income levels (Jensen, 2006). In developing 

populations, where diets are highly dependent on staple foods, fish consumption is driven 

by supply and seasonally available products. Moreover, the regular intake of fish is crucial to 

correct imbalanced diets at caloric, protein and mineral levels (FAO and WHO, 2011). In 

developed countries, as Europeans, the consumption of fish products is driven by consumers 

demand and is influenced by several social factors like habits, children in the household, 

convenience, age, and education (Myrland et al., 2000; Olsen, 2003; Olsen et al., 2007). 

 

1.3. Aquaculture role in food supply  

Aquaculture has been the fastest growing animal production industry in the world. In the 

1980s and 1990s showed high annual growth rates (10.8 and 9.5); between 2001 and 2016 

the annual average rate declined to 5.8 percent, yet aquaculture continues to grow faster 

than other major food production sectors (FAO, 2018a). In 2015, aquaculture accounted 46 

percent of total fisheries production, and since 2014, aquatic farmed products for human 
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consumption overtook fish food supply from wild fisheries, for the first time (FAO, 2015), as 

illustrated in figure 1.3. Prospects are for aquaculture production to surpass total capture 

fisheries in 2023 (OECD - FAO, 2015). 

 
Figure 1.3. World fish utilization and supply (retrieved from FAO, 2018b) 

 

Aquaculture expansion and the shift towards farmed products are also dictating a change in 

the species consumed. Aquaculture sector plays a prominent role on the future of fish as 

food consumption and dietary diversification. Increased production volumes usually 

decrease market prices and intensify commercialization, this was the case of salmon, 

shrimps, bivalves, tilapia, and catfish (Pangasius spp.) (FAO, 2014a). In 2016, excluding 

aquatic plants, 558 species were registered by FAO as cultured worldwide, reaching 80 

million of produced tonnes and 231.6 billion dollars (FAO, 2018a). However, data from 2014, 

showed that only 10 species groups accounted for almost 90 percent of all production and 

87 percent of trade value of farmed animal, being carps and ciprinids; shrimp and prawns; 

and salmon and trouts the most valuable species groups and carps and ciprinids the largely 

produced group (FAO, 2014b). 

Population growth, urbanization, globalization, new lifestyles and markets have been leading 

to great changes in the food sector influencing consumption patterns. Convenience, variety, 

safety and health concerns are becoming increasingly important during consumers buying 
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decisions. Fish and seafood are no exception, however, factors such as the presence of bones 

and the time consumed in household procedures are considered undesirable fish 

characteristic on nowadays standards of life when fewer time is spend in food preparations 

(Brunso et al., 2009). Fishery products consumption will increase along with a thriving market 

of new ready-to-eat and convenience products, mainly supplied by the aquaculture industry, 

though the array of available fish species as exists nowadays may shrivel.  

 

1.4. Nutritional value of fish 

Fish and seafood are generally considered nutritious food and associated to healthy dietary 

behaviours. Despite the large variations observed among species, aquatic animal food 

product is one of the most rich and nutritive food sources in terms of nutrient composition, 

as compiled by Tacon and Metian (2013). The main chemical components are protein and 

lipids whereas carbohydrates are present usually at low levels. Fish protein is highly digestible 

with high biological value, containing significant amounts of available essential amino acids 

in well balanced proportions. Usually, lysine and leucine in the essential, and aspartic and 

glutamic acids in the nonessential are the most abundant amino acids, being often the 

content of essential amino acids greater than in standard protein food sources (Nunes et al., 

2010). Usually, fish are leaner than red meats, with lower saturated fat content and lower 

caloric density (Tacon and Metian, 2013). 
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Table 1.1. Protein and fat contents, fatty acids groups and energetic value in 100 g of selected 
food products 

 Protein  
(g) 

Fat 
(g) 

SFA 
(mg) 

MUFA 
(mg) 

PUFA 
(mg) 

PUFA ω3 
(mg) 

PUFA ω6 
(mg) 

Energetic 
value 

(kcal/kJ) 

Meat and egg         

Chicken  20.3 2.7 656 816 627 70 557 110/462 

Egg 12.0 9.4 2850 4000 1390 69 1320 136/571 

Pork loin defatted 19.0 13.7 5050 5550 1390 115 1270 199/833 

         

Lean Fish         

Desalted Atlantic cod 19.0 0.4 68 53 139 128 11 85/355 

European hake 17.0 0.7 143 110 273 247 27 119/498 

Meagre 20.4 1.4 342 465 234 386 10 100/417 
         

Moderately fatty fish         

Farmed gilthead seabream 17.8 8.3 1674 2867 2763 1468 1295 202/844 

Farmed seabass 19.8 7.9 1439 2467 2734 2016 718 116/486 

Rainbow trout 18.3 7.3 1540 2740 2020 1750 267 139/581 
         

Fatty fish         

Sardine 17.9 10.9 2746 2558 4071 3753 318 187/783 

Atlantic salmon 16.2 21.9 4291 10037 5148 4326 766 267/1116 

European eel 13.4 27.7 8604 2369 13296 12254 1042 307/1285 

Sources: Nunes et al., 2006 and Danish Food Composition Databank (http://frida.fooddata.dk/?lang=en, 
accessed on August 9th, 2016). Note: Values are indicative for each species and may vary depending on the 
source. 

Table 1.2. Fatty acids and cholesterol content in 100 g of selected food products (mg)  

 
Palmitic 

acid 
16:0 

Oleic acid 
18:1 

Linoleic 
acid 

18:2 ω6 

Alpha-
linoleic acid 

18:3 ω3 

Arachidonic 
acid 

20:4 ω6 

EPA  
20:5 ω3 

DHA  
22:6 ω3 

Cholesterol 

Meat and egg         

Chicken  447 687 477 20 80 10 30 65 

Egg 2060 3590 1170 68 152 1 0 359 

Pork loin defatted 3050 4,62 1270 17 0 0 0 62 

         

Lean Fish         

Desalted Atlantic cod 51 38 4 1 8 35 86 52 

European hake 90 55 7 3 12 66 155 19 

Meagre 160 257 5 3 0 157 153 50 
         

Moderately fatty fish         

Farmed gilthead seabream 1114 1990 1143 117 46 236 790 51 

Farmed seabass 970 1234 599 115 53 540 1104 52 

Rainbow trout 1030 968 267 129 15 366 994 57 
         

Fatty fish         

Sardine 1695 980 105 77 83 1672 1169 28 

Atlantic salmon 2688 3810 691 182 56 1172 1773 40 

European eel 5553 1155 121 15 785 4428 7270 26 

Sources: Nunes et al., 2006 and Danish Food Composition Databank (http://frida.fooddata.dk/?lang=en, 
accessed on August 9th, 2016). Note: Values are indicative for each species and may vary depending on the 
source. 

http://frida.fooddata.dk/?lang=en
http://frida.fooddata.dk/?lang=en
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Fish with more than 10 percent of muscle fat, like salmon, sardine, mackerel and eel, are 

considered as fatty fish; with less than two percent muscle fat are lean fish, these are cod 

and hake; other species, such as seabass, seabream or trout, are considered as intermediate 

with muscle fat ranging between five and 10 percent (Nunes et al., 2010). Lipids, including 

fish lipids, comprise several lipid classes such as triacylglycerols, phospholipids, wax esters, 

and cholesterol. The fatty acids (FA), constituents of triacylglycerols are divided in saturated 

fatty acids (SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids 

(PUFA), depending on the number of double bonds present in each FA. PUFA consist of 

omega-3 and omega-6 fatty acids, being linoleic acid (LA, 18:2 n-6) the precursor of omega-

6 series and alpha-linolenic (ALA, 18:3 n-3) the precursor of the omega-3 series, which 

includes eicosapentaenoic acid (EPA, 20:5 n-3) and docosahexaenoic acid (DHA, 22:6 n-3). 

Species and physiological status are main determinants of fat content in aquatic animal 

species, however it also varies with available feed, season and production method, with 

values ranging between 0.2 and almost 30 percent. Nevertheless, as a rule, higher amounts 

of long-chain omega-3 PUFA (n-3 LCPUFA) are found in the fattest species, whereas the 

percentage of SFA is nearly constant across species (Nunes et al., 2010). With some 

exceptions, as MUFA in meagre and some farmed fish, PUFA are commonly the 

predominating fatty acids group in fish species, which includes high levels of EPA and DHA. 

As described in table 1.1 average amounts of DHA and EPA levels are much higher in aquatic 

animals and almost inexistent in meat from terrestrial animals and eggs, whereas PUFA in 

meat and eggs consists almost in omega-6 linoleic acid. 
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Fish as food is an excellent and complete product, with numerous nutritional benefits further 

than the well-known omega-3 fatty acids. Fish is also a very rich source of taurine, several 

minerals and vitamins. Important minerals supplied are selenium, potassium, magnesium, 

zinc, calcium and iodine, the former usually absent in terrestrial meats (fig. 1.4 to 1.9).  

Figure 1.4. and Figure 1.5. Selenium and iodine content in selected food products (μg per 
100g of edible part) 
Source: Danish Food Composition Databank. Note: Values are indicative for each species and may vary 
depending on the source. 

 

Figure 1.6. and Figure 1.7. Magnesium and potassium content in selected food products (mg 
per 100g of edible part) 
Source: Nunes et al., 2006 and Danish Food Composition Databank. Note: Values are indicative for each species 
and may vary depending on the source. 
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Figure 1.8. and Figure 1.9. Calcium and zinc content in selected food products (mg per 100g 
of edible part) 
Source: Nunes et al., 2006 and Danish Food Composition Databank. Note: Values are indicative for each species 
and may vary depending on the source. 

 

Iodine and selenium are usually present in lower amounts in terrestrial meats compared to 

fish and seafood. Iodine is an essential trace mineral prevailing in aquatic animals and 

seaweeds (Andersen et al., 2002; Teas et al., 2004). Though marine fish have much higher 

iodine content than freshwater fish (Lall, 1995), amounts may show a great variation among 

species as well as between individuals within species. For instance, iodine levels in wild cod 

from the Barents Sea, showed values ranging from 0.7 to 12.7 mg per kg fresh weigh 

(Julshamn et al., 2001). Selenium is also an essential mineral present in high amounts in 

aquatic food products, which levels may range from 32-42 µg in seafood and may reach 80 

µg in bluefin tuna (fig. 1.4), whereas in terrestrial meats mean values described are around 

24 µg per 100 g of food (Tacon and Metian, 2013).  

The most significant vitamins found in fish and seafood are the fat-soluble vitamins D and A, 

and water-soluble niacin, B12 and B6 (Nunes et al., 2010) (fig. 1.10 to 1.13). Seafood is the 

richest natural food source of vitamin D (Lamberg-Allardt, 2006). Vitamin D content in fish, 

as described in the literature, may range between 5.6 µg in European hake and 25.6 µg in 

eel, per 100 g fresh weight (Nunes et al., 2006; Lamberg-Allardt, 2006). It is also known that 

vitamin D in fish and aquatic animals is present only as cholecalciferol (vitamin D3 form), in 
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terrestrial animals both forms are represented (vitamins D2 and D3 forms), whereas in plants 

only ergocalciferol (vitamin D2 form) is present. Vitamins A, E and B12 can be found in 

terrestrial animals but are present in relevant amounts in aquatic animals (fig. 1.11 to 1.13). 

Data represented graphically shows average values of micronutrients. As previously 

mentioned, mineral and vitamin contents may show significant variations between species 

and among individuals of the same species. For example, data on raw rainbow trout showed 

large variations on vitamin D3 (8.0-23.2 µg) or iodine (14-28 µg); also in wild salmon 

significant variations were found in vitamin D3 (8-55 µg) and iodine (6-77 µg) contents; 

Atlantic halibut and bluefin tuna presented large variations on retinol values (3-63 µg and 

123-834 µg, respectively); and similarly, selenium contents in bluefin tuna (48.8-232.7 µg) 

and wild salmon (2.5-52.3 µg) also varied considerably (Danish Food Composition Databank). 

As observed from the presented figures it is very important to diversify the types of fish, and 

food in general, to obtain the best available nutrients from each food item. As showed, fish 

has a high nutritional value and its consumption is recommended as part of a good dietary 

pattern to maintain good health through optimal nutrition. 

 

Figure 1.10. and Figure 1.11. Vitamin D and Vitamin A content in selected food products (μg 
per 100g of edible part). 
Source: Nunes et al., 2006 and Danish Food Composition Databank. Note: Values are indicative for each species 
and may vary depending on the source. 
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Figure 1.12. and Figure 1.13. Vitamin E and Vitamin B12 content in selected food products 
(mg and μg per 100g of edible part, respectively.) 
Source: Nunes et al., 2006 and Danish Food Composition Databank. Note: Values are indicative for each species 
and may vary depending on the source. 

 

1.5. Health benefits associated with fish consumption 

Scientific evidence linking fish consumption and health beneficial effects have been growing 

enormously. Health authorities worldwide recommend the intake of at least two fish 

portions a week, and some suggest the consumption between one and five portions a week 

with cardio protective effects in adults; improvement of digestive health and beneficial 

functional outcomes of childrens’ neurodevelopment during pregnancy; among other 

benefits (American Academy of Pediatrics, 2012; Department of Agriculture, Department of 

Health and Human Services, 2010; EFSA, 2014a; Kris-Etherton et al., 2002; USDA, 2015; 

World Gastroenterology Organisation, 2008). Recommendations are also applied to specific 
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with an additional 200 mg of DHA per day for pregnant and lactating women (FAO, 2010; 

IOM, 2005a; ISSFAL, 2004). Fish and seafood consumption are usually associated with a 

higher intake of omega-3 fatty acids, in particular with EPA and DHA. However, fish have a 

very limited capacity to produce these fatty acids. EPA and DHA are produced by marine 

microalgae and accumulation in fish occurs via the food chain. Also, in humans the 
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conversion of alpha-linolenic acid (ALA, 18:3 n-3) into n-3 LCPUFA can occur but at a 

restricted rate of five percent for EPA and only 0.05 percent for DHA (Burdge and Calder, 

2005; Wang et al., 2006). Both the intake of EPA and/or DHA supplements and the 

consumption of fish as food have been associated with numerous health benefits in several 

clinical fields (Shahidi and Ambigaipalan, 2018). The main physiological roles of n-3 LCPUFA 

are related to cell behaviour via surface or intracellular fatty acid “receptors” and optimal 

cell membrane structure via changes in the composition of membrane phospholipids (Calder, 

2012). A correlation between n-3 LCPUFA and the prevention of cardiovascular diseases 

(CVD) have been suggested since the 1970s after the observation of lower cardiac events 

with high intake of fish, seal and whale meat by the Eskimos from Greenland. Some 

inconsistencies were found in results between scientific studies (Hooper et al., 2006), but 

these have been attributed to the variability of methods used and patients’ status. Many of 

these works conclude that fish intake is associated with the prevention of CVD, particularly 

with a reduced risk of death from cardiac events (Mozaffarian and Wu, 2012; Raatz et al., 

2013; Ruxton et al., 2004; Saravan et al., 2010), which are the leading cause of death 

worldwide (WHO, 2016). Changes in risk indicators are generally evident after some weeks 

of fish consumption and may be consequence of higher incorporation of n-3 LCPUFA into 

phospholipids altering the membrane fluidity (Clandinin et al., 1991) and the fatty acid 

receptors responses. Another referred effect is the biding of n-3 LCPUFA to cytosolic 

receptors that regulate cell signalling and gene transcription affecting metabolic pathways 

associated with coronary heart disease (Vanden Heuvel, 2004). The association between 

maternal fish consumption and the physiological role of DHA in infant cognitive development 

(Hibbeln et al., 2007; Julvez et al., 2016; Sherry et al., 2015) and optimal visual acuity 

(Koletzko et al. 2008; Qawasmi et al., 2013) was also extensively described. Improved 

development scores were measured in 18 months children after mothers had a high fish 

intake during pregnancy compared with those who had no fish in their diets (Daniels et al., 

2004). The role of EPA and DHA in inflammation include several actions leading to 

inflammation inhibition and rising anti-inflammatory resolvins and protectins, improving the 

body physiological response (Calder, 2012; 2013). There are also growing evidences of n-3 
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LCPUFA involvement in neurotransmission and neuroprotection, and thus preventing 

neurodegenerative disease of ageing and brain damage (Denis et al., 2015; Janssen and 

Kiliaan, 2014). Moreover, the intensification of produced research has been discriminating 

the specific effects of, for example, EPA in mood disorders and DHA on neurodegenerative 

conditions (Dyall, 2015).  

As previously mentioned, fish is the main natural food source of iodine (Haldimann et al., 

2005; Lee et al., 1994) and vitamin D (Lamberg-Allardt, 2006; Nakamura et al., 2002; Schmid 

and Walther, 2013), providing also important amounts of selenium (Rayman et al., 2008). 

These are essential nutrients with major roles on health physiological pathways. Selenium is 

a constituent of selenoproteins, has a structural and enzymatic role, being also a powerful 

anti-oxidant, acts as catalyst to produce active thyroid hormone, and it is important for the 

proper functioning of the immune system (reviewed by Rayman, 2000). Although most 

dietary selenium is absorbed efficiently, higher retention is observed from organic forms 

compared with inorganic ones (Finley, 2006). Iodine is an essential trace element used in the 

synthesis of thyroid hormones, which are important regulators of energy metabolism and 

crucial for the normal development of different tissues, as the brain (reviewed by 

Zimmermann, 2007). Iodine deficiency remains a major public health problem since it is the 

most common cause of preventable mental impairment worldwide (WHO et al., 2007). 

Universal iodisation of salt has been the main strategy for the control of iodine deficiencies 

disorders in most countries. However, the reduction of salt intake is also an important public 

health issue, and new complementary strategies are needing to be adopted. To promote the 

consumption of naturally iodine-rich food such as seafood and the fortification of alternative 

vehicles are considerable options (Land et al., 2013). Vitamin D has well established functions 

related to calcium absorption and homeostasis, bone mineralization and bone health, also 

particularly concerning osteomalacia and rickets (Bhan et al., 2010; Hess and Hunger, 1921). 

Increasing evidence correlates vitamin D status with a wide range of non-skeletal health 

outcomes, like CVD or cancer (Newberry et al., 2014). Vitamin D deficiency is a public health 

problem that affects individuals across ages, gender and status, in several countries. Optimal 

vitamin D status is dependent on factors like lifestyle, dietary patterns, sunlight exposure and 



General Introduction  Chapter 1 

31 
 

geographical region. Nevertheless, intake is critical to achieve the established dietary 

requirements for vitamin D (Cashman et al., 2011). Vitamin D3 (cholecalciferol), the available 

form in fish products, was recently shown, to be more efficient at raising serum 25(OH)D 

concentrations than is vitamin D2 (Tripkovic et al., 2012) suggesting that fish and other 

vitamin D3 sources are preferential choices to improve vitamin D status. 

The advantage of eating fish alternatively to the ingestion of pills and supplements was 

recently reinforced (Larsen et al., 2011; Lund, 2013; Stonehouse et al., 2011). An animal 

study showed that a large dose of n-3 LCPUFA once per week, like a meal intake, was more 

effective in increasing whole body n-3 LCPUFA content when compared with a smaller daily 

dose, such as pills (Ghasemifard et al., 2015). Also, EPA and DHA serum levels were higher 

after the intake of a salmon meal compared to cod liver oil supplements (Elvevoll et al., 

2006). Moreover, in a human intervention trial, selenium from a fish source had a 

significantly higher apparent absorption than that from yeast, another organic source (Fox 

et al., 2004). Additionally, recent data recognized the beneficial effects of selenium (Berr et 

al., 2009) and iodine (Bath et al., 2013) present in fish, in studies where effects were 

previously solely attributed to LCPUFA.  

A food-based approached seems to be the best dietary option and has been vastly claimed 

by nutritionists for achieving nutrient adequacy, preventing and treating diseases (Kiefte-de 

Jong et al., 2012; American Dietetic Association, 2005). 

 

1.6. Implications of the current substitution of fish meal and fish oil on the   

nutritional value of fish fillets 

The rapid growth observed in the aquaculture sector over the past decades was boosted by 

several technical, biological and scientific improvements. Of major importance was the 

supply of marine key ingredients like FM and FO which allowed the development of 

compound diets with balanced amino acids and fatty acids profiles. FM and FO were 

massively incorporated in compound feeds with high protein and lipid levels targeting the 

rapid growth of carnivorous fish. In 2008, almost 74 percent of the FO and 61 percent of FM 

available worldwide was used by the aquaculture industry (Tacon et al., 2011). The total 
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pelleted feed production increased at an annual average rate of 11.1 percent between 1995 

and 2007 and is expected to grow from 7.6 million tonnes in 1995 to 70.9 million tonnes in 

2020 (Tacon et al., 2011). Marine fish meal and oils are finite ingredients and over the years 

several approaches were tackled to reduce its use. But also, effforts have been made to 

improve its utilization efficiency and to find sustainable alternative protein and fat sources 

for inclusion in fish feeds. Significant improvements were achieved with alternative 

ingredients and the incorporation of FM have been substantially reduced in feeds of many 

farmed species (Olsen and Assan, 2012) without major negative impacts on growth 

performance and feed utilization. In 1990, Norwegian salmon feed contained 90 percent of 

marine origin ingredients, whereas in 2013 this was reduced to only 30 percent (Ytrestøyl et 

al., 2015). Projections are to reduce the inclusion of FM in several farmed species by half 

between 2010 and 2020 (Tacon et al., 2011). Plant protein and fats have been widely used 

as cost-effective alternative sources reducing the dependency of marine ingredients. Protein 

from plant sources when fed, to carnivorous fish, presented several problems like high fibre 

contents and anti-nutritional components that consequently reduced the absorption of 

nutrients and could interfere with the vitamins’ functions. Technological advances allowed 

the removal or reduction of these components resulting in high protein ingredients. Salmon 

and gilthead seabream can now be produced with only 10 percent of FM (Bendiksen et al., 

2011; Burr et al., 2012; Dias et al., 2009) regarding that essential amino acids are 

supplemented in a balanced profile. Plant oils have also been successfully used to replace FO 

in compound feeds of several fish species (Turchini et al., 2010). Up to 66 percent fish oil was 

efficiently replaced in seabream, that can now be produced using only 5 to 6 percent of FO 

(Dias et al., 2009; Benedito-Palos et al., 2008), and current practice (data referring to 2013) 

in salmon industry indicates the use of less than 54 percent fish oil when compared to what 

was used in 1990, corresponding to 10.9 percent of marine oil in salmon feeds (Ytrestøyl et 

al., 2015). However, plant oils are characterized by higher levels of n-6 fatty acids and are 

also poor sources of important long chain n-3 LCPUFA including EPA and DHA (reviewed by 

Turchini et al., 2009). It is generally observed in nutrition studies that the fatty acid profile of 

compound feeds is mimicked in fish proximate composition. The substitution of FO by plant 
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oils will reflect a higher content of n-6 fatty acids, lower levels of EPA and DHA, and increase 

n-6/n-3 ratio in fish muscle. Even if no negative impact is observed in fish performance, 

concerns are raised regarding the beneficial effects of farmed fish intake for consumers’ 

health. Moreover, the changes in n-6/n-3 PUFA ratio exert physiological changes, since n-6 

and n-3 PUFA are precursors of signalling molecules with opposing effects, that modulate 

membrane composition, receptor signalling and gene expression (Schmitz and Ecker, 2008). 

Excessive intake of n-6 PUFA, as found today, increases the risk of numerous chronic diseases 

including CVD, cancer, inflammatory and autoimmune diseases (Simopoulos, 2016). A 

balanced n-6/n-3 ratio is important to maintain body homeostasis and promote normal 

development. To date, there is an absence of a cost-effective alternative for FO replacement 

with the same high levels of omega-3 LCPUFA. Microalgae biomass could be a promising 

alternative source of omega-3 LCPUFA for the future. The incorporation of microalgae 

biomasses in feeds have been normally applied in fish larvae diets or when targeting a 

specific benefit. However, actual microalgae production volumes are still low with 

significantly high manufacture costs, preventing its use as a bulk ingredient in aquafeeds 

(Shields and Lupatsch, 2012; Chauton et al., 2015). Other alternative ingredients have been 

studied at experimental level with promising results. For instance, the transgenic oilseed of 

the crop Camelina sativa was successfully modified to produce EPA and DHA at similar levels 

found in fish oil (Ruiz-Lopez et al., 2014). Also, insect larvae biomass has been regarded for 

its high protein levels (Sánchez-Muros et al., 2014). Nevertheless, a significant scientific and 

legal efforts still must be tackled before these ingredients can be introduced in practical fish 

diets. As best practice, feed companies nowadays use a mixture of several protein and oil 

sources to minimize eventual negative impacts of a sole ingredient and maximize the 

contribution of each ingredient to the feed matrix. 

 

1.7. Finishing strategies: approaches to recover LCPUFA levels 

The substitution effects of FM and FO in aquafeeds have been studied for several years. 

Concerns like animal growth performance, feed utilization, immunity or welfare were 

addressed in many research works with outcomes depending on species, level of 
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replacement and feed composition. However, a common concern and a major impact of use 

of plant ingredients in fish feeds are the effects on the muscle nutritional value and its 

contribution to consumers’ diet and wellbeing (Turchini et al., 2009). The restoration of high 

levels of n-3 LCPUFA, like EPA and DHA, in fish muscle has been attempted by using finishing 

diets during the last months of production (finishing period). The most common approach 

has been to supply a FO based diet aiming a wash-out effect of the plant oils used during the 

growth-out phase. Several studies showed that restoration of muscle lipid profile usually 

respond to a dilution model directly related to the fatty acids intake (Benedito-Palos et al., 

2009). Despite these physiological processes being tissue and species specific, it has been 

verified that the fatty acids accumulation over time follows exponential functions (Glencross 

et al., 2003; Turchini et al., 2006), where the rate directly varies with the fatty acids 

concentration previously present in the tissue. Hence, by using a finishing FO-based diet, the 

n-3 LCPUFA, lacking in plant oils, will deposit at a faster rate when compared with a 

continuously fed FO treatment (Turchini et al., 2006). However, results of the utilization of 

finishing diets are far from consensual owed to differences on trials duration, species studied, 

and type of feed used during growth-out phase.  Some studies described the full recovery of 

EPA but not DHA levels (Zhou et al., 2015), others were able to full restore DHA but only 

partial levels of EPA (Izquierdo et al., 2005; Trushenski and Boesenberg, 2009). In most trials, 

the recovery of both EPA and DHA, to levels found in a continuously fed FO group, was not 

fully achieved (Bell et al., 2003; Fountoulaki et al., 2009; Mourente and Bell, 2006; Regost et 

al., 2003; Torstensen et al., 2005). Benedito-Palos and co-workers (2009) performed a study 

comparing the FO utilization in different feeding strategies and observed that feeding 

seabream with 60 percent vegetable oil (VO) diet with a subsequent FO-based finishing diet 

had the same FO expenditure compared to a continuously fed seabream with 33 percent VO 

diet. From the present literature is perceived that more efficient finishing strategies are 

required than the simple transfer to a FO-based diet after the growth-out phase. Several 

authors described a sparing effect of n-3 LCPUFA and particularly EPA and DHA when fish are 

fed a mixture of FO with higher amounts of SFA and MUFA sources since the former are 

preferably catabolized for energy and maintenance (Codabaccus et al., 2012; Stubhaug et 
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al., 2007; Turchini et al., 2011). When supplied in excess, fish uses n-3 LCPUFA via β-oxidation 

for energy production. A reduction of EPA and DHA dietary levels, with the simultaneous 

higher intake of MUFA, and to a lesser extent SFA, have shown to promote the deposition of 

EPA and DHA. These concepts still need to be corroborated with new knowledge and 

validated in several species. New approaches are required to reduce and to efficiently 

improve the use of a valuable ingredient as FO, without disregarding the expected high levels 

of EPA and DHA in fish muscle.  

 

1.8. Tailoring fish muscle with health beneficial compounds 

The use of plant ingredients also affects the amounts of several minerals, as iodine and 

selenium, and vitamins such as A, D, E and B group, usually found in fish, since these 

compounds are scarce or not existing in many plant sources used in feeds. Aiming to mitigate 

this problem only few works were undertaken using dietary fortification as a tool to tailor 

muscle composition. In many trials with dietary supplementation, objectives were set with 

diverse purposes and often the final concentration of the supplemented compound was not 

measured in the muscle, missing relevant information for consumers. Works performed with 

selenium, showed that supplementation causes a concentration increase of the mineral in 

fish muscle tissues, positively related with dietary levels, as observed in channel catfish 

(Wang and Lovell, 1997), rainbow trout (Pacitti et al., 2015) or common carp (Elia et al., 

2011). Some differences found on the muscle retention efficiency were associated with 

selenium chemical forms, being organic sources like selenomethionine more bioavailable 

than inorganic sources (Küçükbay et al., 2009; Lin, 2014; Rider et al. 2009; Saffari et al., 2016; 

Wang and Lovell, 1997). The few experimental trials performed with dietary iodine inclusion 

presented an increase in muscle contents on Atlantic salmon (Julshamn et al., 2006), chars 

(Schmid et al., 2003) and rainbow trout (Valente et al., 2015), though not linearly 

proportional to feed concentrations. In this case, the increased muscle levels were achieved 

both with inorganic iodine (KI) as with two iodine-rich macroalgae, Laminaria digitata and 

Gracilaria vermiculophylla. Supplementation with other micro-elements also induced 

modulation in muscle levels. For example, accumulation of copper in rainbow trout muscle 
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seem to be more dependent on dietary concentration rather than chemical form (Read et 

al., 2014). On the other hand, zinc concentration in muscle was raised by dietary inorganic 

zinc when compared to organically bound zinc in seabass (Fountoulaki et al., 2010) and in 

rainbow trout (Rider et al., 2009). Supplementation of aquafeeds with vitamins was also 

performed resulting in variable outcomes. In literature are reported trials with increasing 

dietary levels of vitamin D that present dissimilar results on muscle deposition levels. In 

rainbow trout muscle, vitamin D content varied from 5.7 to 15.6 µg·100 g-1 not dependent 

on dietary doses (Mattila et al., 1999). On the contrary, Horvli et al. (1998) found muscle 

vitamin D concentrations reflecting feed increasing levels. Same findings were reported by 

Graff et al. (2002) on a study with Atlantic salmon fry. Studies with vitamin E supplementation 

presented more homogenous results with an observed gradation in muscle or whole-body 

content in response to dietary vitamin E, in seabass (Gatta et al., 2000), salmon (Menoyo et 

al., 2014), rainbow trout (Chaiyapechara et al., 2003), halibut and turbot (Stéphan et al., 

1995; Tocher et al., 2002). Trials directed to observe the accumulation of specific FA in fish 

muscle were also undertaken. Kennedy et al. (2007 a, b) showed an increased deposition of 

conjugated linoleic acid (CLA) and tetradecylthioacetic acid (TTA) in commercial size rainbow 

trout and juvenile cod, aiming beneficial effects for consumers associated with the 

accumulation of the bioactive fatty acids.  

Similarly, in terrestrial animals, dietary supplementation has been used as a tool to enhance 

meat products nutritional value and quality. The increased content of FA in diets resulted in 

higher muscle concentrations, in several terrestrial species. Feeds supplementation with CLA 

resulted in a higher deposition of these fatty acids in the muscle and adipose tissues of pork 

(Joo et al., 2002; Dugan et al., 2004) and chicken (Du and Ahn, 2002; Kawahara et al., 2009) 

with relatively high efficiency. Dietary supplementation of omega-3 fatty acids have been 

used to increase omega-3 PUFA in animal muscle tissues and eggs (reviewed by Fraeye et al., 

2012). Broiler chickens fed fish-oil up to four percent showed an increased muscle content 

in n-3 LCPUFA, in particular EPA and DHA, and a concomitant decrease in SFA and MUFA 

concentrations (Lopez-Ferrer et al., 2001). The inclusion of only one percent fish oil in pig 

diets resulted in increased muscle levels of EPA, DHA and ARA with decreased levels of n-6 
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fatty acids and associated reduction of n6/n3 ratio (Leskanich et al., 1997). The dietary 

supplementation with selenium had largely increased muscle levels in pork (Mahan and 

Parret, 1996), beef (Juniper et al., 2008), lamb (Juniper et al., 2009) and chicken (Skřivan et 

al., 2008), resulting in higher contents when organic selenium was utilised in comparison 

with in inorganic sources, as observed in fish. However, it was observed a great variation on 

the accumulation levels of selenium between produced species after the similar dietary 

supplementation values. Increased levels of dietary iodine proportionally raised muscle 

iodine concentrations in pigs both with inorganic (Franke et al., 2008) and organic sources 

(He et al., 2002, Dierick et al., 2009). Vitamin E incorporation in animal feeds has been used 

to improve fresh meat quality by limiting protein and lipid oxidation during storage. 

Moreover, increased levels in muscle were observed with higher dietary amounts of α-

tocopherol in pork (Lanari et al., 1995), beef (Chan et al., 1996) and lamb (Guidera et al., 

1997) animals. Regarding some essayed minerals, the muscle response for increased dietary 

levels of copper, iron and manganese was considered mostly absent. Also, for zinc, an effect 

between dose supplementation or chemical form and muscle concentration could not be 

verified.  

Literature shows that the efficacy of dietary strategies is dependent on several factors like 

species, element source, chemical form or concentration levels, additionally, life stage, age, 

sex and environmental factors are also referred as important elements also influencing 

supplementation results. Minerals and vitamins are essential nutrients with key functions in 

several physiological pathways including animal health and disease resistance. Using high 

dietary levels of minerals and vitamins may be toxic and harmful for fish health, 

compromising its immunity and impairing growth. The supplements concentration in animal 

feeds must therefore be carefully selected, balancing between the animal needs and the 

consumers’ additional benefits from eating fish and meat. 

 

1.9. Fish as a functional food: carrier, benefits and consumers perception 

In developed countries, food items are regarded beyond the suppression of hunger and the 

supply of essential nutrients and are perceived as hedonistic products and sources of 
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improved wellbeing. Moreover, consumers’ perception of food is evolving and awareness of 

the relation between food and health is emerging. These were both a challenge and an 

opportunity for the food industry to develop innovative products responding to consumers’ 

expectations, and a novel field emerged, the functional foods. The Concerted Action on 

Functional Food Science in Europe (FuFoSE) defined as functional, a food that beneficially 

affects one or more target functions in the body beyond adequate nutritional effects in a 

way that is relevant to either an improved state of health and well-being and/or reduction of 

disease; also, it should be consumed as part of a normal food pattern (Diplock et al., 1999). 

The consumers’ acceptance of a functional food is determined by a multitude of factors. 

Aspects such as familiarity with the functional ingredient; nature of the food carrier; the 

perceived health effect; interest in general health and price were highlighted as important 

factors conditioning the success of these products (Annunziata and Vecchio, 2011; Sirò et al., 

2008; Verbeke, 2005). It is important for consumers to understand and trust the 

reward/benefit of consuming functional foods and to know that the health claims/efficacy 

are supported by scientific evidence (Teratanavat and Hooker 2006; Urala and Lähteenmäki, 

2007; Verbeke, 2005). Moreover, the perceived healthiness of the food carrier together with 

the combination carrier-ingredient were also referred as determinant factors for consumers’ 

acceptance (Annunziata and Vecchio, 2013; Krutulyte et al., 2011; van Kleef et al., 2005). 

Products that are perceived as intrinsically healthy and with an overall positive image, like 

yogurt or juice, were preferred as credible functional food carriers (Annunziata and Vecchio, 

2011; Rozin et al., 2004; Siegrist et al., 2008). Functional foods associated to a more natural 

image with less manipulation also rises the receptivity and the purchase intention (Bearth et 

al., 2014; Teratanavat and Hooker, 2006). In a food choice questionnaire was observed that 

the enrichment with an already present functional ingredient was the most favourable 

option (Ares and Gámbaro, 2007). For example, consumers found more appropriate the 

enrichment with fish oil/omega-3 of fish balls or tuna salad comparatively with yogurt or a 

sports bar (Krutulyte et al., 2008). Main reasons suggested are taste modifications and an 

expected off-flavor from the fish oil inclusion in non-seafood products (Bech-Larsen and 

Grunert, 2003). Many studies, across countries, suggested that consumers are not willing to 
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compromise taste over health benefits (Bech-Larsen and Grunert, 2003; Tuorila and Cardello, 

2002; Verbeke, 2006). Being a source of multiple beneficial compounds, previously 

described, fish is considered as an excellent carrier of healthy nutrients. Consumers already 

expect that fish intake will supply several bioactive ingredients, such as omega-3 fatty acids, 

and believe that these are effective at improving health (Patch et al., 2005; Vella et al., 2013). 

Studies performed among European consumers found that an interest in healthy eating was 

positively and directly related with fish consumption (Pieniak et al., 2008; Trondsen et al., 

2004a; Verbeke et al., 2005). Combined with the growing development of the aquaculture 

industry and with the possibility to tailor muscle properties with health beneficial 

compounds, farmed fish could be considered as an excellent candidate for a functional food.  

 

1.10. Fish overall quality: influences of farming conditions and culinary 

procedures 

Food quality is a broad term encompassing the intrinsic traits of a food product, like 

nutritional value and safety, together with external cues, as appearance or colour, and 

organoleptic properties that are more dependent on individual perception such as texture, 

flavour and odour (Grunert, 1995; Oude-Ophuis and Van Trijp, 1995). The main 

characteristics focused when describing fish quality are: overall appearance; freshness; 

flavour; aroma; nutritional value and texture (Grigorakis, 2010). Fish quality may be 

influenced by several intrinsic and external factors namely size, sexual maturity, feed 

composition, farming conditions or rearing temperature (Børrensen, 1992). Freshness was 

referred as the single most important attribute when assessing fish quality and comprises 

several parameters previously mentioned as aroma, flavour, texture and sensory response 

(Alasalvar et al., 2001). Consumers considered freshness as a fundamental attribute, directly 

related with fish quality, and capable of influencing their decisions (Brunso et al., 2009). The 

visual appearance of fish is the first cue to draw consumers’ attention and is determinant 

during purchasing (Vasconcellos et al., 2013). Skin colour and pigmentation are determinant 

factors for overall visual appearance and can be associated with feeding practices and the 

intake of carotenoid pigments. As reviewed by Shahidi et al. (1998) carotenoid requirements, 
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metabolism and deposition in fish are biological processes species specific. Salmonids skin 

and muscle colour are mainly dependent on astaxanthin dietary absorption and respond to 

astaxanthin concentrations in feed (Torrisen et al., 1989) whereas in seabream, effectiveness 

of pigmentation has been difficult to modulate by dietary means (Gomes et al., 2002). 

Adequate pigmentation during production is extremely important because will determine 

consumers acceptance of farmed products. Consumers’ expectations about fish quality 

aspects, such as with pigmentation, flavour and texture, are usually linked to wild 

counterparts’ characteristics. In countries where fish is commercialized as whole, visual 

criteria are more relevant than in regions or markets where fish is sold in portions. In portion 

size fish markets criteria like quality and safety are emphasised over appearance.  

The edible part of fish is normally the fillet, which is primarily composed by water, protein 

and fat fractions. The main constituent is water, which usually accounts for about 70-80 per 

cent of the weight of a fresh fish fillet. It is tightly bound to the proteins and affects texture 

and flavour. The protein fraction is usually more constant and unchanged but the fat, which 

is a combination of intramuscular lipids and storage depots, can be modulated by dietary 

means. Moreover, the profile and amounts of fatty acids in the muscle are known to 

influence sensory traits as flavour, odour and texture (Grigorakis, et al., 2003). Farming 

practices, feeds’ composition and husbandry conditions are some factors that can impact 

nutritional and quality criteria in fish, namely: odour, flavour and texture features. Flavour is 

a very important attribute for heavy fish consumers (Brunso et al., 2009), and a major 

concern of fish producers. Studies refer several sensory traits distinguishable between 

cultured and wild fish (Grigorakis, 2007). It was also described that fish from semi-intensive 

systems have traits closer to their wild counterparts compared to intensively raised fish 

(Valente et al., 2011) suggesting that farming conditions may modulate sensory 

characteristics of fish (Cardinal et al., 2011). However, in intensive reared fish modifications, 

feed composition has apparently minor impacts on flavour and odour traits (reviewed by 

Matos et al., 2017). Texture and muscle firmness can be affected by husbandry practices, 

slaughtering method, rigor mortis development and storage conditions but also by individual 

differences such as body size and sexual maturation (reviewed by Johnston, 2008). In 
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general, farmed fish has a softer texture compared to wild fish, partially owed to a more 

sedentary lifestyle that restrain muscle activity and development (Haard, 1992). Also, fat 

depots have a major influence in the muscle texture, decreasing when lipid storages increase 

(Grigorakis, 2007). Overall, valued fish quality attributes may be, within a limited range, 

modulate during production in aquaculture systems. Farming conditions, particularly feed 

composition, open the possibility to tailor fish quality in terms of its nutritional value, sensory 

properties and skin pigmentation.  

Processing methods such as household culinary procedures also influence food quality by 

altering physical and chemical properties of fish (Alipour et al., 2010). The resulting changes 

affect the nutritional value and bioaccessibility of the present nutrients in fish muscle (Costa 

et al., 2015). Moisture content usually decreases with cooking processes with subsequent 

increase of solids and concentration of some nutrients (table 1.3). In general terms, boiling 

and grilling are satisfactory treatments regarding nutrients preservation. Frying methods 

increase oil absorption altering the fat content and profile of fish muscle. These changes are 

influenced by the vegetable oil used during frying (Nunes et al., 2010). 
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Table 1.3. Nutritional data of selected molluscs and fish products raw and subjected to 
culinary procedures (per 100 g of edible part) 

Source: adapted from Nunes et al., 2006. Note: Values are indicative for each species and may vary depending 
on the source. n.a.: not analysed 
 

1.11. Objectives 

Fish produced from aquaculture systems will be the main source of dietary fish in a near 

future. Controlled farming conditions opens the possibility to tailor fish quality and 

nutritional value by the modulation of feeds composition, with clear benefits for consumers’ 

health. However, little research has been done to enrich fish muscle with health promoting 

nutrients beyond guaranteeing the fish nutritional requirements. The general objective of 

this PhD is to develop aquaculture fish as a functional food. The concept relies on the use of 

health-beneficial nutrients, such as iodine, selenium, vitamin D, n-3 LCPUFA as natural feed 

supplements, and also using algae as a novel vehicle to attain the fillets enrichment of two 

major species produced in Europe: a saltwater species – gilthead seabream (Sparus aurata) 

and a freshwater species – rainbow trout (Oncorhynchus mykiss). For this purpose, the 

following goals were set: 

 
Farmed gilthead seabream European squid Horse mackerel Sardine 

 Raw Boiled Grilled Raw Grilled Raw Fried Grilled Raw Grilled Canned 
Protein and lipids            

Protein (g) 17.8 20.8 25.2 15.8 32.5 18.6 22.7 23.9 17.9 24.1 24 

Total fat (g) 8.3 12.5 7.4 0.9 1.6 2.2 9.3 2.8 10.9 9.2 12.7 

SFA (mg) 1674 2339 1466 242 497 560 1548 705 2746 2396 3001 

MUFA (mg) 2867 3697 2484 58 121 626 2541 757 2558 2070 5582 

PUFA (mg) 2763 4318 2561 369 672 610 4129 794 4071 3494 2806 

20:05 ω3 (mg) 236 646 232 111 112 128 246 145 1672 1288 792 

22:06 ω3 (mg) 790 1289 811 242 417 363 754 501 1169 1334 1256 

            

Minerals            

Calcium (mg) 15 30 65 18 28 69 86 61 70 67 445 

Magnesium (mg) 28 34 35 49 49 33 37 35 29 35 42 

Potassium (mg) 383 367 494 225 73 403 465 468 404 496 369 

Copper (mg) <0.03 0.05 0.05 <0.03 0.7 0.08 0.09 0.11 <0.03 0.11 0.15 

Zinc (mg) 0.8 0.7 1 1 0.7 1.2 1.1 0.9 1.7 1.2 2.5 

            

Vitamins            

Vit A (μg) 11 12 8.8 9.6 n.a. 15 8.2 n.a. 12 9 9 

Vit E (mg) 0.82 0.32 0.16 1.2 1.8 0.37 0.79 0.18 0.03 0.7 1.5 

Vit D (μg) 12 8.4 7.9 3.5 <0.70 4.1 2.8 4 17 11 8.8 

Vit B1 (mg) 0.2 0.23 0.23 0.07 0.04 0.15 0.13 0.14 0.02 0.05 <0.02 

Vit B12 (μg) 4.8 n.a. 4.2 1.1 n.a. 5.7 6.6 6.4 10 9.3 n.a. 

Vit A (μg) 11 12 8.8 9.6 n.a. 15 8.2 n.a. 12 9 9 



General Introduction  Chapter 1 

43 
 

o Assess, through a questionnaire approach, consumers’ habits of eating fish and their 

perception of the theoretical concept “farmed fish as a functional food” (Chapter 2). 

o Establish the efficacy of trace nutrients (e.g. iodine, selenium and vitamin D) and 

complex ingredients, such as microalgae, using dietary fortification strategies 

regarding supplemental dose, bioavailability of product forms, fish performance and 

muscle composition (Chapter 3 and 4). 

o Evaluate the effects of enrichment strategies on overall (biochemical and sensory) 

fish quality criteria and skin pigmentation (chapter 5). 

o Optimize the process for restoring the muscle n-3 PUFA levels, as a finishing strategy, 

after the utilization of vegetable ingredients or other alternative protein and oil 

sources during the fish growth out phase (Chapter 6). 

o Evaluate the effect of culinary heat treatments on the stability of functional nutrients 

and estimate its nutritional contribution and availability to human diets (within 

Chapters 3, 4, 5 and 6). 

A multidisciplinary approach was applied to establish the efficacy of the nutrient fortification 

concept from an ingredient level, at the farm level (feeding strategy, influence on fish 

physiology), along the production chain (storage and processing losses) and consumers’ 

perception. 

This PhD project aimed to generate new knowledge on the fortification of seabream and 

trout muscle using dietary supplements and asses their beneficial contribution for an 

improved diet and human state of health. The development of such novel foods, with 

functional properties, targets new market opportunities for the Mediterranean aquaculture 

industry.
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Farmed fish as a functional food: perception of fish fortification and the 

influence of origin – Insights from Portugal 

 

 

Abstract   

Being a rich source of important nutrients, including highly digestible proteins, vitamins (A, 

D3), trace minerals (iodine, selenium) and n-3 long chain polyunsaturated fatty acids (n-3 

LCPUFA), fish consumption is generally regarded as part of a healthy dietary pattern. 

Exogenous feeding in aquaculture unlocks the possibility to tailor fish composition with 

healthy valuable nutrients. However, the use of supplements in the fish feed during fish 

production may undermine consumers’ perception opinion of these fortified products. The 

effectiveness success of a functional food is a combination of its efficacy and meeting 

consumers’ expectations. A self-administered questionnaire was designed to assess 

consumers’ preferences regarding fish consumption, and their perception of farmed 

seabream as a functional food. A high consumption rate of fish, (between daily, and a 

minimum of three times a week), was reported by 47% of the respondents.  Freshness, 

flavour, quality and price were the four most valued attributes. Good acceptance of the fish 

fortification concept was observed (53%), as well as positive receptiveness to its 

consumption (50%). Anti-oxidants and omega-3 fatty acids were the most accepted 

compounds for fish fortification. Additionally, two consumer groups were established based 

on their high (HIG) or low (LIG) interest in fish origin (wild vs aquaculture). The LIG was more 

receptive to all aspects of fish fortification and showed willingness to buy and consume it. 

This suggests that fortified fish could be targeted to the LIG profile group, which represents 

42% of the studied population. With appropriate communication, farmed fish may be a good 

candidate for functional food. 

Keywords: Consumers’ questionnaire; Fish consumption; Aquaculture; Functional-food; 

Portugal 
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Introduction  

The strong move towards healthier eating has promoted the consumption of seafood 

products (Pieniak et al., 2008). The world per capita fish as food supply increased from 9.9 

kg in the 1960s to 20 kg in 2014 (FAO, 2016). Portuguese consumers record the highest fish 

consumption in the EU, around 56.8 kg/capita/year, while the European average is less than 

half of that (24.9 kg/capita/year) (PCP, 2016). World demand for seafood products for human 

consumption is projected to keep rising in the next decades (FAO, 2016). With capture 

fisheries stagnated, aquaculture production is expected to counterbalance this supply issue. 

Under farming conditions, fillet quality traits such as fatty acid profiles and concentration of 

trace nutrients, may be influenced by the diet composition. The International Life Sciences 

Institute defines functional foods as “foods that, by virtue of the presence of physiologically-

active components, provide a health benefit beyond basic nutrition” (Diplock et al., 1999). In 

1999 the American Dietetic Association defined functional foods as foods that are “whole, 

fortified, enriched, or enhanced,” but more importantly, states that such foods must be 

consumed as “… part of a varied diet on a regular basis, at effective levels” for consumers to 

reap their potential health benefits (American Dietetic Association, 1999). Moreover, food 

fortification has been the primary strategy to battle nutrient deficiency in populations 

worldwide (WHO and FAO, 2006). Under this context, and considering the high nutritional 

value of fish, there is a significant potential to develop fish as a functional food. 

 

Consumers’ acceptance of new products is crucial for their market success, but their 

acceptance or rejection is of a multi-factorial nature. Food choice behaviour is a complex 

process, influenced by several factors and their interaction. Determinants like past 

behaviour, habits and hedonic appreciation are usually good predictors of food choice 

behaviour (Koster, 2007). Would a fortified aquaculture fish be well accepted by consumers 

with a high fish consumption level? Indeed, beliefs about the characteristics of a certain 

product and the way it is produced can have a relevant influence on consumer perception, 

such as in the case of farmed fish. Several studies on the behaviour of fish consumers often 

describe farmed fish as being less healthy and with lower quality when compared to wild fish 
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(Claret et al., 2014; Verbeke et al., 2007). Comparatively lower costs, perception of artificial-

like product, and lack of information on sustainable farming practices are among the key 

elements conditioning the image and acceptance of aquaculture fish (Altintzoglou et al., 

2010; Claret et al., 2014; Vanhonacker et al., 2011). Furthermore, it has been shown that 

consumers are willing to buy and to pay higher prices for healthy attributes in fish products 

when information is made available (Kole et al., 2010).  It has thus been suggested that the 

aquaculture sector should evolve to cope with market demands by differentiating their offer, 

searching for new niche markets, and combining diversification of products, species and 

farming methods with the development of added value products (Barazi-Yeroulanos, 2010), 

such as “functional fish”.  

 

The functional foods market continuously presents new products to meet consumers’ 

expectations and is experiencing an annual average growth rate of about 8.5% (Bogue et al., 

2017). However, barriers and concerns about the use of functional foods have been 

highlighted in many studies. Urala and Lähteenmäki (2007) described a general 

suspiciousness towards the functional food concept, though it may not necessarily influence 

the willingness to use concrete functional products. Consumers were not willing to sacrifice 

naturalness and taste for healthiness and convenience (Grunert, 2010; Siró et al., 2008). Also, 

costs, adverse or unknown effects (Vella et al., 2013) and manipulation (Bech-Larsen and 

Grunert, 2003) were referred as barriers to functional foods consumption. Moreover, the 

factors influencing decisions during purchasing do not only include sensory qualities and 

health beliefs, but also other intrinsic aspects, that should be considered in the formulation 

and characterization of functional foods, like prevention of diseases, (Pappalardo and Lusk, 

2016). Some reviews on functional food products highlighted the importance of ingredient 

selection, and how crucial it is to find the right combination between ingredient and carrier 

to comply with consumer acceptance (Ares and Gámbaro, 2007; Bech-Larsen and 

Scholderer, 2007; Grunert, 2010). Functional foods presumably enable the consumer to lead 

a healthier life without changing eating behaviour. Tailoring aquaculture products with 
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health promoting compounds may create new opportunities in the production sector, 

leading to novel foods in a receptive and growing market (Siró et al., 2008).  

 

Information about consumers’ acceptance of “fortified fish” is very scarce. Cultural factors 

may play a significant role in the acceptance of functional foods (Siegrist et al., 2015), and 

particularly interesting is the perception of “fortified fish” by a population, like the 

Portuguese, who have a high fish consumption level. The main aim of the present study was 

to assess consumers’ acceptance of farmed fish fortified with beneficial and healthy 

compounds. The study comprised also an assessment of fish consumption preferences 

following the segmentation of respondents according to the importance of knowing the fish 

origin (wild vs farmed). The first hypothesis in this study was that in general, consumers are 

sceptical about fish from aquaculture, particularly fish that have undergone any type of 

enhancement or manipulation. Moreover, considering that functional foods might not be 

readily accepted by consumers, a second hypothesis was formulated: within a population 

there is a group of consumers, segmented by the importance of knowing the fish origin, that 

are more receptive to new products developed from enhanced aquaculture fish, will vary 

depending on consumers’ knowledge of fish origin. 

 

Methodology  

Participants/ Description of recruitment 

The questionnaire was addressed to the Portuguese population aiming at a maximum 

number of participants, and the only prerequisite was to have internet access. The 

questionnaire was developed in Portuguese language and built using an on-line software 

platform - surveymonkey®. The recruitment was carried out by email invitations and 

facebook® announcements using the snowball sampling technique (Grbich, 1999). In the 

introduction, the enquiries’ anonymity and the utilization of the answers only within the 

study purposes were guaranteed. Answers were collected over two months, from July until 

September 2011. A total of 932 answered questionnaires were collected, though only 778 
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respondents’ answer all the proposed questions, and these were the ones considered valid 

(response rate 83.5%). 

 

Description of questionnaire 

The questionnaire was structured in four sections assessing: 

 

Fish consumption and preferences:  

In this section three items were assessed: a) fish consumption frequency (never, less than 

once a month, 2-3 times per month, 1-2 times per week, 3-6 times per week, daily); b) the 

three most frequently consumed species, from a list of 10 given possibilities (cod, hake, 

mackerel, meagre, seabream, seabass, salmon, sardine, trout, tuna and a blank space to non-

listed species); c) the two most valued fish attributes (freshness, taste, price, quality, 

nutritional value, texture, convenience of use, easy to cook, ecological impact, origin 

(aquaculture/fisheries) and species). The selection of enclosed species was based on several 

criteria with potential interest to producers and retailers: expected highly consumed species 

(cod, tuna, salmon, hake, sardine and mackerel), main produced species from Portuguese 

aquaculture (seabream, seabass and trout) and a farmed species emergent in the 

Mediterranean region (meagre) (Cardoso et al., 2013; Ernst and Young, 2009). 

 

Acceptance of aquaculture fish and fish fortification:  

Concerning the interest in fish origin (wild vs aquaculture) participants were asked about 

their consumption of farmed fish (yes or no); the importance of knowing fish origin, using a 

five-point importance scale (from not important: 1 to very important: 5); and also the listing 

of two attributes that could be improved in farmed fish from a list of seven options (colour, 

texture, odour, taste, fat content, nutritional value and higher diversity of products), using a 

five-point importance scale (from nothing to improve: 1 to very much to improve: 5). The 

options were selected based on described differences between the perception of wild and 

farmed fish, related to taste, sensory traits and nutritional value (Grigorakis et al., 2003; 

Verbeke et al., 2007). 
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Seafood fortification aims to provide nutrients that tend to be deficient in the diet. 

Participants were asked about their agreement on fish fortification through feeding, with 

beneficial nutrients for the human health, using a five-point scale (from totally disagree: 1 to 

completely agree: 5). Gilthead seabream (hereafter will be referred as seabream) was 

mentioned as target species, since it is the most cultivated species in the Mediterranean area 

and one of the most consumed farmed fish in Portugal. Participants were also requested to 

identify two nutrient types suitable for farmed fish fortification from an eight options list 

(antioxidants, iodine, magnesium, omega-3 fatty acids, selenium, taurine, vitamin D, none). 

A brief description of the nutrients beneficial effects was made available to help respondent’s 

make an informed decision. The information provided was carefully balanced to avoid any 

influence in the respondents’ answers. 

 

Consumption and purchasing options towards fortified fish 

Participants were asked about their willingness to consume fortified seabream (from not 

willing: 1 to totally willing: 5); their buying preference without a price change (selecting 

between common or fortified seabream); and their willingness to pay a higher price for 

fortified seabream (yes or no). A set of four additional questions concerning daily life aspects 

that could influence purchasing decision were presented: what is the importance you give to 

food? What is the level of association between food and health? (five-point importance scale 

from not important: 1 to very important: 5 was used); the presence of children in the 

household (yes or no); and the respondent’s role in food purchasing (yes or no). 

 

Demographic characterization 

Participants’ demographic characteristics included: age (date of birth); gender; education 

level and monthly family income (less than or equal to 1000€; between 1001 and 2000€; 

between 2001 and 3000€ and more than 3000€). 
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Data analysis 

Fish consumption regularity was evaluated as frequencies of consumption. Analysis 

regarding suggested improvements of farmed fish was performed by clustering respondents 

who answered categories 4 and 5, and by expressing data as percentage of total answers for 

each option. This data treatment aimed to include, in the outcomes, all the answers obtained 

for each option combining high and low scale scores. Concerning respondents age, four 

classes were defined: less than or equal to 25 years; between 26 and 40 years; between 41 

and 65 years and more than 66 years.  

 

Consumer groups 

Answers regarding the importance of knowing fish origin (wild versus aquaculture) allowed 

the establishment of two groups with distinct profiles and attitudes towards fish attributes 

and acceptance of farmed and fortified fish. Respondents with rating scores 4 and 5 were 

classified as high interest group (HIG), while those with lower rating scores were classified as 

low interest group (LIG).  

 

Statistical data treatment 

Cross tabulations with Pearson’s Chi-square tests were applied to test associations between 

categorical variables. One-way analysis of variance (ANOVA) was applied to compare means 

when continuous variables were used. Statistical significance was tested at 0.05 probability 

level. Additionally, data was subjected to an exploratory analysis using Principal Component 

Analysis, conducted with 12 variables with orthogonal rotation (varimax). The Kaiser-Meyer-

Olkin measure was at the lower limit for sampling adequacy (KMO=0.704). Bartletts’ test of 

sphericity (2095.55) presents a P<0.001 indicating that variables are significantly correlated. 

Four components accounted for 60% of the variance observed across the 12 variables. 

Variables were selected focusing on questions related to: a) acceptance and willingness to 

buy enriched fish; b) origin of fish; c) valued fish characteristics such as convenience (ready 

to eat, easy to cook) and sensorial properties (freshness, flavour); and d) price-related 

aspects. All statistical tests were performed using IBM SPSS®22 software. 
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Results and Discussion 

Demographic characterization of survey respondents 

A total of 778 complete answers were obtained through a self-administered online 

questionnaire. A detailed demographic characterization is presented in Table 1. By 

comparing the studied sample with the Portuguese population census from 2011 (INE, 2012) 

several differences were revealed, whereby extrapolations for the Portuguese population 

could not be made. The main differences found concerned the age distribution and 

education level. In a 2011 census, 55% of the population ranged between the ages of 25 and 

64, and 19% were over 65 years old. Respondents also showed to be more highly educated 

than the national average, since only 12% of the population has a higher education. The 

gender difference is not very pronounced (48% men vs 52% women) compared to the survey. 

Nevertheless, although the sample of participants in this survey was not representative of 

the general Portuguese population a large age range (16 – 83 years) was obtained. Another 

recent online survey on seafood consumption patterns in the Portuguese population (1083 

answers) described a very similar sample characterization: only 2.2% of individuals were over 

65; 64% were women and 83% had higher education (Cardoso et al., 2013). The recruitment 

via internet surely reached a larger educated fraction of the Portuguese population and a 

lower representativeness of the older age group. Census revealed that in 2011, 93% of 

individuals with secondary education and 95% with higher education had internet access in 

Portugal (INE, 2012). Online surveys are becoming a commonly accepted method of reaching 

volunteers for consumer research (Evans and Mathur, 2005; Wright, 2005). A common 

limitation of these web-based approaches is the lack of control of sample characteristics and 

the possible bias for the research cohort, despite the saving of time and efforts; the access 

to large populations and the increased anonymity of participants give online surveys 

significant advantages over other formats (Campos et al., 2011; Riva et al., 2003). To 

maximize the information from the data obtained, two consumer groups were established, 

based on their high (HIG, 58%) or low (LIG, 42%) interest in fish origin (wild vs aquaculture). 

This clustering of respondents resulted in distinct demographic profiles (P<0.05) regarding 

age distribution and gender but did not affect (P>0.05) sample characteristics on education 



Consumers perception of farmed fish as functional food Chapter 2 

 

56 
 

level, monthly family income, presence of children in the household, and fish purchasing 

decisions (Table 2.1). 

Table 2.1. Description of socio-demographic characteristics of respondents.  

 
Portuguese 
population1 

Total 
respondents2  

High Interest 
Group 

Low Interest 
Group   

 P    
 value3 

Number of participants (%) 10 561 614 778 (100%) 451 (58%) 327 (42%)  

 
Age (years) 

 
 

  
 0.06 

Less 25 26 (%) 76 (10%) 9% 11%  

26 – 40 55 (%) 456 (59%) 55% 63%  

41 – 65  234 (30%) 34% 25%  

Plus 65 19 (%) 12 (2%) 2% 1%  

      

Gender      0.027 

Female 52 (%) 481 (62%) (264) 59% (217) 66%  

Male 48 (%) 297 (38%) (187) 42% (110) 34%  

      

Education level       0.415 

Primary 74 (%)  6 (1%)  7%  9%  

Undergraduate 14 (%) 87 (11%) 10% 13%  

Graduate 12 (%) 685 (88%) 89% 86%  

      

Family Income (€)4      0.424 

Less 1000  143 (20%) 20% 21%  

1001 - 2000  219 (31%) 30% 33%  

2001 - 3000  190 (27%) 27% 28%  

Plus 3000  150 (21%) 24% 18%  

      

Children in the household  53% 55% 51%  0.308 

      

Responsible for buying  
food at home 

 
88% 89% 86%  0.142 

 1INE, 2012  
2The column “total respondents” corresponds to the characterization of all respondents with complete answers 
either in numbers as in percentages by categories. The columns “low interest group” and “high interest group” 
correspond to the demographic characterization of these specific groups. 
3 Indicates statistical differences between low and high interest groups following Chi-square analysis. 
4 Calculations were performed with data from 702 respondents, 76 claimed not knowing their family income. 

 

Fish consumption and health concerns 

Strong fish consumption levels were found in this study (fig. 2.1), reflecting previously 

reported data for Portuguese consumers (FAOSTAT, 2011). The sampled population showed 

high fish consumption rates, with 47% eating fish daily, or more than three times a week, 
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and 87% eating fish at least one or two times a week. This consumption comprises both high 

levels of wild and cultured fish since respondents were very positive regarding consumption 

of fish from aquaculture, with 79% affirmative answers. Outcomes also revealed that the 

frequency of fish consumption was positively influenced by children in the household (P = 

0.021), by age (P = 0.046), and by higher family incomes (P< 0.001). Similar conclusions were 

drawn in studies performed in other countries where fish consumption increased in elderly 

populations (Brunsø, 2003; Jahns et al., 2014; Olsen, 2003); with higher incomes (Jahns et 

al., 2014; Verbeke and Vackier, 2005) and with education levels (Jahns et al., 2014). In this 

study, and probably due to the methodology, most respondents (88%) had a higher 

education, whereby a correlation between education and consumption was not observed.  

  

Figure 2.1. Fish consumption frequency.  
Values represent the percentage of answers for each class. 

  

Consumers’ awareness of the relationship between food and health is clearly established. 

Food consumption, and fish in particular, has been frequently associated with beneficial 

health effects, with new evidences being acknowledge every day. Pieniak et al. (2008) 

described European consumers as very involved with their health and very interested in 

healthy eating. Accordingly, Portuguese enquiries in the present study stated similar interest, 

where 93% of participants reported to give much importance to food concerns on daily life 

and 99% believed in a strong relation between food and health. Healthy eating is known to 

positively influence fish consumption among European consumers since fish and seafood are 

considered healthy dietary choices and part of a balanced diet (Altintzoglou et al., 2011; 

Brunsø et al., 2009; Olsen, 2004). 

 

 

11% 40% 42% 5%

0% 20% 40% 60% 80% 100%

Fish Consumption
Frequency

Never (0%) Less than once a month (1%) 2-3 times per month (11%)

1 - 2 times per week (40%) 3 - 6 times per week (42%) Daily (5%)
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Preferred selected species and preferred attributes of consumed fish 

Portuguese fish markets offer a large diversity of species which contribute for good dietary 

diversification. Some species, however, are seasonal, and their consumption is less 

representative. According to our study, the main species consumed were cod (68%), tuna 

(51%) and hake (45%) coming from wild fisheries, followed by salmon (41%) and seabream 

(33%) mainly produced in aquaculture systems. These findings are consistent among the 

studies. The same species were recently reported as the top five fish consumed in Portugal 

in a survey conducted by Cardoso et al. (2013, 2016). Ernst and Young (2009) had previously 

referred cod, tuna, hake, mackerel and sardine as the most consumed species in Portugal. 

This consistency may be supported by studies on consumer attitudes describing habits and 

past behaviour as main determinants associated with fish consumption patterns (Verbeke 

and Vackier, 2005). Also, Trondsen et al. (2004b) reported that seafood consumption is 

strongly related to traditional food and knowledge passed down through generations. 

Besides daily habits, food choice behaviour is a complex process dependent on several 

factors. In general, taste and sensorial attributes are the main drivers, according to several 

consumer behaviour studies on food selection (Olsen, 2003). Januszewska et al. (2011) 

performed a study of European consumers assessing the factors that most influence daily 

food choice, and found as primary motivation sensory appeal, followed by health, natural 

content and price ahead of convenience. Published information on consumers’ attitudes 

when buying seafood shows diverse results, with consumption varying between countries, 

with different habits and consumers’ groups (such as fish lovers or experienced consumers) 

(Brunsø, 2003). Still, sensorial attributes were considered one of the main factors motivating 

fish consumption in numerous studies (Bredahl and Grunert, 1997; Olsen, 2001), followed 

by freshness and price (Brunsø, 2003). However, other works give taste a minor role (Leek et 

al., 2000) and point out health concerns as a major influence for seafood consumption 

(Olsen, 2004; Pieniak et al., 2008; Pieniak et al., 2010). In the present study, freshness, flavour 

and overall quality were the most important fish attributes selected by the sampled 

population, ahead of price (fig. 2.2). Being easy to cook and to consume, together with 

convenience, were referred only by 20% of the enquiries. Convenience is often considered 
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as an important factor in food choice (Steptoe et al., 1995) and with seafood in particular 

(Brunsø, 2003; Olsen, 2003; Olsen et al., 2007). Fish may be perceived as not convenient due 

to the time and effort required in its preparation, as well as the bones, which might be a 

barrier for its consumption (Brunsø, 2003). Whole fish consumption is still a main preference 

for Portuguese consumers and is closely associated with the freshness and quality attributes 

(Cardoso et al., 2013) and much less to convenience issues. Nutritional value, often the 

second food criteria for consumers after sensory appeal (Roininen et al., 1999), was only 

seventh choice, maybe because fish is already perceived as healthy and nutritious food 

(Verbeke et al., 2005) and is thus not a priority to consumers at the purchasing moment. 

Ecological impact also scored very low as observed by Pappalardo and Lusk (2016). 

 

Figure 2.2. Valorised fish attributes by Portuguese consumers. 
Values represent the percentage of answers for each attribute. Participants selected two attributes resulting in 

a sum of percentages superior to 100%.  
 

Farmed fish and selected improvements 

The supply of farmed fish is increasing, along with its positive image among European 

consumers, as described in different research works in this field (Altintzoglou et al., 2011; 

Claret et al., 2014; Vanhonacker et al., 2011). The population sample assessed in the survey, 

where fish consumption was high, revealed that fish from aquaculture was consumed 

extensively (78%). Some differences were found between gender and age groups. Men were 
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more favourable than women (83% vs 75% P = 0,006) to consume farmed fish. The older age 

groups were more receptive to aquaculture fish consumption with 83%, 79% and 80% for 

the three older age groups compared with 64% observed in the <25 group (P = 0,016). 

Recently, Cardoso et al. (2016) described older respondents as more unwilling to consume 

aquaculture fish than younger ones, however this tendency was not observed in the present 

survey. The relative proportion between age classes is very similar between surveys, and 

therefore the differences may arise from having questions formulated differently or having 

distinct populations generating diverse preferences (results). The acceptance of aquaculture 

fish and its consumption are influenced by several perceptions that may be based on real 

events, experience, and sometimes on preconceived ideas. Some consumer opinion studies 

suggest that aquaculture fish is regarded as less healthy and with lower nutritional value than 

wild fish (Claret et al. 2014). However, in a study performed in Belgium most sampled 

consumers did not report differences between wild and farmed fish, although mean 

perception of taste, health and nutritional value still scored slightly higher for wild fish 

(Verbeke et al., 2007). Consumers also expect the sensory properties of farmed fish to be 

similar to those of wild fish (Sérot et al., 1998). Fish consumers, particularly experienced 

ones, are able to distinguish between farmed and wild fish, depending on the species 

(Grigorakis et al., 2003; Fuentes et al., 2010), although these differences may not be 

transversely perceptible among consumers. Verbeke et al. (2007) and Vanhonacker et al. 

(2011) suggested that perceived differences between farmed and wild fish were mainly 

driven by emotion rather than by rationality, and also that consumers’ opinions on farmed 

fish might be a reflection of intensive livestock farming.  

In the present study, respondents showed strong attitudes concerning aspects to improve in 

aquaculture fish. Most participants clearly selected flavour, more diversity, nutritional value, 

fat content and texture as the main desired improvements in farmed fish (fig. 2.3). Food 

choice tests revealed that participants were able to distinguish between wild and farmed fish 

mainly based on taste and texture descriptors (Fuentes et al., 2010; Grigorakis et al., 2003; 

Grigorakis, 2007). Farmed fish sensory traits, such as odour, flavour intensity and texture, 

were shown to be positively correlated with the fat content present in the fillet (Grigorakis 
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et al., 2003; Valente et al., 2011) but also quite dependent on production practices (Valente 

et al. 2011).  

 

Figure 2.3. Attributes to improve in farmed fish chosen by inquired consumers  
Values represent the percentage of answers for each attribute categorized from nothing to improve (1) to very 
much to (5). 

 

Fish fortification: concept and selected nutrients 

In terms of one of the main goals of this questionnaire, results revealed a good receptiveness 

of the fish fortification concept (fig. 2.4). More than half (52%) of the respondents agreed 

with fish fortification, 27% disagreed and 21% neither agreed nor disagreed, men being 

generally more favourable (59%) than women (49%) (P = 0.003). Moreover, 49% of 

respondents showed willingness to consume fortified fish, mainly among the oldest (90 %) 

and youngest (68%) groups (P = 0.001), though all groups were positive towards such 

consumption. These results did not confirm the first established hypothesis grounded on 

consumers’ scepticism about the enhancement of fish from aquaculture.  
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Figure 2.4. Percentage of respondents concerning: 1) agreement on fish fortification and 2) 
willingness to consume fortified seabream 
Values represent the percentage of answers for each question categorized from totally disagree (1) to totally 
agree (5). 

 

Of prime importance is nutrient used in fortification and the combination between food 

carrier and beneficial ingredient. Some studies have concluded that the carrier product may 

be a more important predictor of intention to purchase than the health claims related to the 

food item (Lyly et al., 2007), or the main health effects of an ingredient (Krutulyte et al., 

2011). Moreover, it was described that food fortification with an already present compound 

would improve the perceived naturalness (Grunert, 2005) and healthiness (Ares and 

Gámbaro, 2007) of the product. It was also observed that consumers fear an off-flavour 

caused by a functional ingredient when there is no natural link to the carrier product 

(Grunert, 2010). In this study, omega-3 fatty acids and anti-oxidants were the most popular 

nutrients for fish fortification (fig. 2.5), followed by vitamin D and magnesium. Familiarity 

with omega-3 fatty acids and anti-oxidants, and knowledge of their beneficial health effects, 

probably owed to strong media advertisement, even if associated with other products, may 

have induced participants’ choice. It has been referred that consumers are more likely to 

accept functional ingredients that they are familiar with, usually due to better knowledge of 

their health benefits, but also influenced by longer market permanencies (Bech-Larsen and 

Scholderer, 2007; Urala and Lähteenmäki, 2007). Omega-3 fatty acids were previously 

chosen in other studies as preferred nutrients in functional foods (Bech-Larsen and Grunert, 

2003) and included in the top bioactive ingredients considered as most effective for 

improving health (Vella et al., 2013). Moreover, fish is already known for its high omega-3 
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levels, and fortification with a naturally present nutrient may be perceived as a more natural 

product. 

 

Figure 2.5. Selected nutrients for farmed fish fortification 
Values represent the percentage of answers for each nutrient. 

 

Fish fortification: purchasing intentions 

The evaluation of consumers’ purchasing intentions allows predicting, at least to some 

degree, future behaviour and market viability of theoretical food items. If fortified seabream 

was marketed with the same price as common farmed seabream, more than half the 

respondents (55%) would buy it. Additionally, the oldest and youngest segments (68%) were 

slightly more favourable to this purchasing than the other age groups (52%: 26-40 and 55%: 

41-65) (P = 0.047). In the case of a higher market price consumers were still receptive to 

purchasing fortified seabream, though to a lesser extent (35%).  

An interesting fact is that the percentage of respondents willing to buy fortified seabream 

(55%) was higher if compared with the number of respondents who agreed with fortification 

(52%) and were willing to consume it (49%), which suggests that price accessibility may 

positively influence undecided consumers. In fact, about 20% of respondent’s undecided 

about fish fortification (P=0.000) and 22% undecided about fortified fish consumption 

(P=0.000) would select fortified seabream. Only when faced with the question of paying a 

higher price for fortified fish the score was quite lower, but still 35% showed interest in 

purchasing.  Recently Pereira et al. (2016) assessed the receptiveness of institutional buyers 

such as hotels and schools to fortified seabream, but also evaluated potential 
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commercialization channels for this new product. Results showed that 45.8% of respondents 

would probably buy fortified seabream if it was currently available in the market, while only 

20.9% stated the opposite. Additionally, it was found that participants were willing to pay a 

premium price for this food item, on average 7.8% more than the current seabream price, 

though for some consumer segments the price could be 20% higher. Studies describe that 

price may impact consumers’ choice of functional foods (Annunziata and Vecchio, 2013).  

Consumers are willing to pay premium prices for products that convey health benefits 

(Maynard and Franklin, 2003) but only up to a certain cost (Siró et al., 2008). Norwegian 

consumers would pay 15% extra for organic and animal welfare-labelled salmon compared 

with conventionally farmed salmon (Olesen et al., 2010). Whitmarsh and Palmieri (2011) also 

described the willingness to pay premium for salmon produced under minimized pollution 

methods. Price has been referred as one of the barriers for purchasing functional foods, but 

not the most important one. The carrier product (Ares and Gámbaro, 2007) and taste (Vella 

et al., 2013) were referred ahead of price as barriers to try functional foods. It was also 

referred that the type of product and associated health benefits would greatly influence the 

disposition to pay premium prices for improved products (West et al., 2002). Overall, fortified 

fish seems to be a promising functional food with potential niche markets.  

 

Description and characterization of consumer segments 

Previous studies on consumer behaviour showed that structuring consumers into segments 

with similar characteristics results in a better understanding of consumption patterns 

(Brunsø, 2003; Pieniak et al., 2007). Differences related to functional food acceptance were 

reported among consumer segments, depending on age, gender (Ares and Gámbaro, 2007), 

education, and presence of children in the household (Gulseven and Wohlgenant, 2014). 

Purchasing fish and seafood products can be linked with specific criteria such as health 

beliefs, eating habits, convenience or production method (i.e. origin: farm vs wild) (Carlucci 

et al., 2015).  Even if not the most important criteria, knowing the origin of fish could 

influence purchasing decisions (Vanhonacker et al., 2011). This criterion was found more 

relevant in populations with high fish consumption levels, as Spain and Portugal (Brunsø et 
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al., 2009; Cardoso et al., 2016; Pieniak et al., 2010).  In the present study two consumer 

groups were identified based on their high or low interest in knowing the origin of purchased 

fish: wild versus aquaculture. Knowing the fish origin was claimed to be important or very 

important by 58% participants, corresponding to the high interest group (HIG), while 42% of 

participants did not prioritise information about fish origin. This result showed that the 

majority of the studied population was receptive to the consumption of farmed fish, 

although being aware or not indifferent to the differences between wild and farmed fish. 

The Socio-demographic characterization of LIG and HIG is very similar (table 1), as the 

surveyed groups tended to reflect the sampled population. In both groups more than 86% 

of respondents had higher education (total sample: 87%), more than 55% were married 

(total sample: 56%), and 35% to 39% were single (total sample: 37%). Family income was well 

distributed among the group, with incomes being slightly higher for HIG. Children in the 

household were almost equally present in both groups (about half as in total sample: 53%). 

An important fact was that the participants responsible for buying foods at home were evenly 

distributed among interest groups (LIG: 86%; HIG: 89%; total sample: 87%). Significant 

differences were found only concerning gender, with more men included in the HIG (187) 

compared with the LIG (110), unbalancing the gender ratio. Men seem to be more aware of 

food issues and sharing both meal planning/preparing and food shopping activities (Flagg et 

al., 2014). In the present survey 82% of men and 92 % of woman reported they were 

responsible for buying food at home. 

 

Fish consumption and valued attributes of fish 

Reflecting the total sampled population, both HIG and LIG showed to be heavy fish 

consumers. Nevertheless, HIG presented a higher (P=0.002) consumption frequency, 

revealed a stronger belief in the relation between food and health (P=0.039), and a greater 

concern with food issues on a daily basis (P=0.001). The preferences of fish consumption by 

species were similarly distributed among interest groups, reflecting a cultural pattern, as 

previously discussed, rather than a casual option or individual attitudes. Regarding 
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consumption of fish from aquaculture LIG scored higher (86%) when compared to HIG (75%) 

(P<0.001), though both groups were still very positive. 

One of the main differences found between groups was the relative importance given to 

each fish attribute (fig. 2.6). Interestingly, the four preferred attributes of consumed fish 

were the same as for the total group, however LIG and HIG ranked the attributes differently. 

For LIG, flavour (P=0.002) was the first most important attribute followed by quality and 

freshness (P<0.001). Price (P=0.016), easy cooking and consuming (P=0.001), and 

convenience were significantly more important for LIG. In contrast, LIG showed little concern 

regarding fish species or ecological impact. HIG selected freshness as first priority, followed 

by quality, and flavour. Convenience and being easy to cook and to consume were not as 

important as for LIG. As remarked before, this group was more concerned about fish origin 

(P<0,001) and ecological impact (P=0,001). Interestingly, HIG gave the same importance to 

fish origin as to being easy to cook and the convenience aspect. These findings suggest a 

preference on the part of HIG for whole and wild fish consumption rather than convenience 

products, and a stronger concern with environmental factors. Vanhonacker et al. (2011) also 

described a tendency among respondents that were more interested in fish origin being 

predominantly wild fish consumers. As mentioned previously, price and convenience are key 

purchasing factors for younger people (Krystallis et al., 2008), a tendency reflected by LIG. 
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Figure 2.6. Fish attributes valued by consumers when buying or consuming fish, within each 
interest group.  
Values represent the percentage of high score answers (4 and 5) in comparison with total numbers answers 
(categories 1 to 5) for each option and within each interest group. Each participant chose two or more 
characteristics; therefore, the sum of percentages is superior to 100% in both groups.  
*indicates statistical differences between groups. Dark grey colour represents LIG and light grey colour 
represents HIG. 

 

The performed PCA as complementary analysis (fig. 2.7) showed that both interest groups 

are more populated in the higher scores of acceptance and willingness to buy enriched fish 

(component 1) suggesting a positive receptiveness to fish enhancement questions. LIG 

showed higher scores for characteristics related to aquaculture fish consumption and very 

few observations on lower scores associated with fish origin issues, on the contrary HIG 

presents more observations on the lower scores for component 2 (fish origin issues and 

flavour) 
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Figure 2.7. Principal Component Analysis plot between scores 1 and 2.  
These two components accounted for 39.5% of the variance observed across variables. Circles represents HIG 
and squares represents HIG. 

 

The selected characteristics to improve aquaculture fish were ranked almost by the same 

order in both groups (fig. 2.8) and coincided with the results found for the total sample. This 

suggests that both groups had a similar perception of farmed fish traits. The only difference 

found between groups is that LIG scored nutritional value in third and texture in fourth place, 

while HIG ranked them in the inverse order. 
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Figure 2.8. Attributes to improve in farmed fish chosen by inquired consumers.  
Values represent the percentage of high score answers (4 and 5) in comparison with total numbers answers 
(categories 1 to 5) for each option and within each interest group. Each participant chose two or more attributes 
therefore the sum of percentages is superior to 100% in both groups. 
*indicates statistical differences between groups. Dark grey colour represents LIG and light grey colour 
represents HIG. 

 

Fish fortification concept 

Differences between the groups were observed regarding the concept of fish fortification 

through feeding. LIG showed a higher acceptance level (sum of answers scoring 4 and 5: 56% 

- LIG and 49% - HIG; P<0,001) and a stronger desire to consume fortified seabream (56% LIG 

vs 44% HIG; P<0,001) (fig. 2.9). Nevertheless, both groups showed good receptiveness to 

fortified fish. Almost half of HIG respondents agreed with this concept, and HIG had more 

participants willing to consume it (sum of answers scoring 4 and 5: 44%) than not (sum of 

answers scoring 1 and 2: 37%). Regarding fortification compounds, both HIG and LIG referred 

omega-3 fatty acids and anti-oxidants as most requested nutrients, as observed for total 

sample.  

A very sceptic fraction was found in HIG who did not agree with fish fortification (31%), did 

not choose any nutrient for supplementation (23%), and showed no willingness to consume 

fortified fish (37%).  However, it is interesting to notice that the HIG includes more 

participants in the scale extremes (agree totally/ disagree totally) concerning fish fortification 

(Fig. 2.9). Maybe owed to a greater concern about health issues observed in HIG, and 
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consumers with higher health concerns were also more likely to buy functional foods 

(Krutulyte et al. 2011). 

 

Figure 2.9. Percentage of respondents by interest group regarding: 1) agreement on fish 
fortification and 2) willingness to consume fortified seabream.  
Values represent the percentage of answers for each question categorized from totally disagree (1) to totally 
agree (5). 
*indicates statistical differences between groups. Dark grey colour represents LIG and light grey colour 
represents HIG.  

 

Purchasing intentions reflected, as expected, the receptiveness previously showed towards 

the fortification concept. Both groups of respondents showed a positive intention to buy 

fortified seabream, 59% and 52% respectively for LIG and HIG, if accessible at the same price 

as commonly produced seabream (P = 0,042). At a higher price, receptiveness was lower in 

both groups (LIG: 39% and HIG: 33%). As observed for the total sample, market price may 

influence undecided consumers in both interest groups. The results from the present study 

showed segmentation between groups, with consumers valuing fish attributes differently, 

having distinct expectations for fish as a food product and revealing different receptiveness 

towards fish fortification. There was a clear tendency for a higher acceptance and willingness 

to buy and to consume fortified seabream within the LIG. 

 



Consumers perception of farmed fish as functional food Chapter 2 

 

71 
 

Conclusion 

The present study showed high fish consumption frequency among all ages of the sampled 

population and high concern with health issues in daily life. Outcomes also revealed that fish 

consumption increased with children in the household, and with age and family income. Fish 

from aquaculture was very well accepted among consumers as was the concept of fish 

fortification. Based on the importance that participants gave to fish origin, two consumer 

segments were defined: a high, and a low interest group. The characterization of the HIG 

profile was more associated with older people, higher seafood consumption but less of 

farmed fish, and more interest in freshness, health issues and impact on sustainability. The 

LIG included younger people, with slightly lower seafood consumption, but of more 

aquaculture products, and more interested in flavour, convenience products and price. Both 

interest groups were consistent in their preference of fish species, attributes to improve in 

aquaculture fish, and selected ingredients for fish fortification. Corroborating the second 

formulated hypothesis, LIG was more receptive to all aspects of the fish fortification concept 

and showed willingness to buy and consume fortified seabream.  However, the sampled 

population included a highly educated fraction of Portuguese consumers, not reflecting the 

characterization made in the Portuguese census 2011 (INE, 2012), which is a major limitation 

in making an extrapolation of the results for the Portuguese food market. Nevertheless, 

specific fortified fish products combined with an appropriate communication strategy could 

be designed for targeting LIG profile, which represented almost half of the population in this 

study. 

Consumers may find enrichments as interfering with nature, therefore the perceived 

healthiness of the base product, the combination carrier-ingredient and the communication 

strategy are considered key factors for consumer acceptance of functional foods. Fish which 

is generally accepted as healthy and an integrant part of a balanced diet could be considered 

a suitable carrier product, in particular if omega-3 or anti-oxidants were the main functional 

compounds used. Enhanced fish may act as a novel food and may be an opportunity for the 

aquaculture industry to enter the fast-growing market of functional foods. However, the data 

produced are hypothetical since such products do not exist in the Portuguese market and 
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consumers’ reactions in real events may be different from the considerations made during 

the on-line questionnaire. Nevertheless, new products will be developed in the aquaculture 

sector to face rising demand, and to cope with a changing consumer mentality associated 

with the importance of health care and prevention. Moreover, the development of new 

products and new technologies are also gradually eliminating consumption barriers and 

increasing fish products’ convenience (Ernst and Young, 2009).  

In the present study, as in others (Pereira et al., 2016), several participants asked for more 

information concerning fortification processes and specific health benefits obtained by 

consuming fortified fish. Effective and clear communication of farming fortification practices 

and health benefits were suggested to increase consumers’ acceptance of both farmed fish 

and functional foods (Annunziatta and Vechio, 2013; Siró et al., 2008). Communicating 

fortification in a transparent way, as well as the health benefits associated with the 

consumption of such products, may be an efficient approach to increasing awareness and 

trust in the process. Considering that the effectiveness of a functional food concept is a 

combination of its efficacy and consumer compliance, farmed fish has a high potential to act 

as functional food. 

For future research it would be interesting to assess if consumers who are sceptic about 

farmed fish and fortification issues would become more positive and receptive after being 

exposed to information on these topics (leaflets and brochures). Moreover, contact with 

fortified fish in a real-life event would bring more evident conclusions on consumers’ 

receptiveness. 
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Dietary macroalgae is a natural and effective tool to fortify gilthead seabream 

fillets with iodine: effects on growth, sensory quality and nutritional value 

 

 

Abstract   

Marine fish are a rich source of iodine in the human diet. Exogenous feeding under captivity 

opens the possibility to tailor fish composition with health valuable nutrients, such as iodine, 

and establish it as a functional food. A study was undertaken to test the efficacy of various 

dietary iodine supplemental forms on the growth performance of gilthead seabream and 

assess the effects on sensory attributes and nutritional value of fillets. Duplicate groups of 

35 seabream (IBW: 252 g) were fed over 118 days: a) control diet (CTRL) with 3 mg I·kg-1, 

supplied as potassium iodide; b) this same control diet supplemented with potassium iodide 

(diet KI: 26 mg I·kg-1) or with ethylenediamine dihydroiodide (diet EDDI; 22 mg I·kg-1); c) a 

fourth diet with 10% of Laminaria digitata, an iodine-rich macroalgae (diet LAM). At the end 

of the trial, fish doubled their initial weight, but irrespective of the iodine form used, the 

elevation of dietary iodine level had no effect (P>0.05) on feed intake, growth rate, feed 

conversion, nutrient utilization or whole-body composition. Dietary iodine supplementation 

led to a significant increase (P<0.05) of the iodine content in seabream fillets. In comparison 

to CTRL treatment (0.13 mg·kg-1), seabream fed KI and EDDI supplemented diets showed a 

significant enhancement (P<0.05) of their fillet iodine content (0.17 mg·kg-1). Feeding 

seabream with the iodine-rich brown algae Laminaria digitata resulted in a significant 

(P<0.05) 6.5-fold increase (0.84 mg·kg-1 fillet) of fillet iodine content over the levels found in 

the CTRL treatment. Overall sensory difference between CTRL and fish fed supplemented 

diets was significant (P<0.05) only for fish fed the EDDI diet. Steam-cooking elicited 13-20% 

losses of the iodine content of seabream fillets. Iodine supplementation had no effect 

(P>0.05) on the fatty acid profile of seabream muscle. Dietary iodine-rich macroalgae was an 

effective and natural strategy to fortify muscle with iodine, showing that a 160 g portion of 

steam-cooked seabream fillets could cover approximately 80% of the Daily Recommended 
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Intake for iodine and 370% of the Daily Adequate Intake of EPA+DHA for enhanced 

cardiovascular health in adults. 

Keywords: Gilthead seabream; Iodine; Fortification; Macroalgae; Culinary 

 

 

Introduction  

Food and nutritional sciences have moved from identifying and correcting nutritional 

deficiencies to designing foods that promote optimal health and reduce the risk of disease. 

The Concerted Action on Functional Food Science in Europe (1999) defined as functional, a 

food that beneficially affects one or more target functions in the body beyond adequate 

nutritional effects in a way that is relevant to either an improved state of health and well-

being and/or reduction of disease, also it should be consumed as part of a normal food 

pattern (Diplock et al., 1999). Being a rich source of important nutrients, including highly 

digestible proteins, vitamins (A, D, niacin and B12), trace minerals (iodine, selenium) and n-

3 PUFAs, fish is generally regarded as healthy food. In particular, marine fish lipids have been 

unequivocally associated to a protective role against a number of human diseases (FAO and 

WHO, 2011; Levitan et al., 2009; Raatz et al., 2013; Saravan el al., 2010). Moreover the 

American Heart Association recommends an intake of at least two portions of fish per week 

with cardio-protective effects (Gidding, 2009; Lichtenstein, 2006). Globally, in 2009 fish 

represented about 16.6% of animal protein supply for human consumption. In 2011 the 

annual per capita fish consumption was 18.8 kg (FAO, 2012) and by 2022 is estimated to rise 

up to 20.6 kg per capita. With the stagnation of capture fisheries aquaculture is expected to 

respond to this increasing demand (OECD-FAO, 2013).  

 

Recent studies estimate that almost 44% of school-age children in Europe have inadequate 

iodine intake and extrapolations to the general population reveal 1.88 billion individuals 

worldwide with insufficient iodine intake (Andersson et al., 2012). Additionally, studies 

performed in pregnant women found critical levels of iodine status in several European 

countries (Aguayo et al., 2013; Bath et al., 2013; Hiéronimus et al., 2009; Limbert et al., 2010). 



Fortification with trace elements  Chapter 3 

 

80 
 

Iodine deficiency disorders (IDD) results in several metabolic changes including goiter and 

hypothyroidism which can occur at any stage of life, but the most devastating consequences 

take place during fetal development and childhood, with stillbirth, miscarriages, poor 

growth, and cognitive impairment (Andersson et al., 2012). Although cretinism is the most 

extreme manifestation, of considerably greater significance are the more subtle degrees of 

mental impairment that lead to poor school performance, reduced intellectual ability, and 

impaired work capacity (Bath et al., 2013). Iodine deficiency is the world’s greatest single 

cause of preventable brain damage, and this fact is the primary motivation behind the 

current worldwide drive to eliminate iodine deficiency (WHO et al., 2007). 

 

The primary strategy for iodine supplementation relies on salt iodization, however with the 

implementation of salt intake reduction programs, prevention of iodine deficiency may be 

less effective, and alternatives are required (Land et al., 2013). Several foods, including fish, 

have been suggested as suitable vehicles for iodine fortification as one of the alternatives to 

salt (WHO, 2014). A previous WHO and FAO (2006) report defined a suitable food to serve 

as vehicle for extra nutrients as being consumed in constant quantities, affordable and 

available all year long. Fish and seafood are the richest natural sources of iodine in food 

(Haldimann et al., 2005; Institute of Medicine, 2001). Since fish also meets the defined 

criteria for a food vehicle, fish fortification with iodine could be an excellent tool in the 

strategy of diminishing iodine deficient in world population. 

 

Exogenous feeding in aquaculture unlocks the possibility to tailor fish composition in terms 

of its content of health valuable nutrients. Under farming conditions, fish quality traits such 

as fatty acid composition and concentration of several trace nutrients are known to be 

influenced by diet composition. Several studies have demonstrated that feed supplements 

can effectively tailor the composition of fish fillets in terms of bioactive fatty acids (Kennedy 

et al., 2007b; Ramos et al., 2008; Rosa et al., 2010) or selenium (Lorentzen et al., 1994; 

Schram et al., 2010). Iodine has also been successfully used in fish fortification either as an 
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organic form with macroalgae (Schmid et al., 2003) or an inorganic salt, potassium iodide 

(Julshamn et al., 2006).  

 

The objective of this study was to test the effect of various dietary iodine supplemental forms 

on the growth performance of gilthead seabream, assess iodine deposition efficacy in fish 

muscle and evaluate its effects on the nutritional value and sensory quality of fish fillets. 

 

Material and methods  

Experimental diets 

Four experimental diets were formulated to be isonitrogenous (48% crude protein), isolipidic 

(19% crude fat) and isoenergetic (23 MJ·kg-1 gross energy). A control diet (CTRL), similar to a 

commercial seabream feed was formulated to contain 3 mg iodine·kg-1, supplied as 

potassium iodide through the mineral premix and the endogenous content of the various 

ingredients. Based on this control formulation, two other diets were manufactured with a 

target level of 20 mg iodine·kg-1, supplied either as the inorganic form potassium iodide (KI) 

(diet KI) and organic form ethylenediamine dihydroiodide (EDDI) (diet EDDI). Potassium 

iodide (KI) is currently used as iodine source in fish feeds, while the organic iodine salt (EDDI) 

is frequently used in terrestrial animals, but to our knowledge never tested in fish. Both 

products were purchased from Sigma-Aldrich (ref. 30315: potassium iodide with 68.8% 

iodine; ref. S573019: ethylenediamine dihydroiodide with 79.5% iodine). The level of 20 mg 

iodine·kg-1 was adopted since it is the currently authorized maximum content of total iodine 

in complete feeds for fish in Europe. These iodine sources were applied post-extrusion by 

vacuum coating with the oils. A fourth diet was formulated with 10% of Laminaria digitata, 

an iodine-rich macroalgae (Holdt and Kraan, 2011) (diet LAM), with 426.2 mg iodine·kg-1. 

Given its low protein content and to maintain isonitrogenous conditions among the feeds, 

macroalgae was incorporated mainly at the expense of carbohydrates (wheat and peas), with 

small adjustments on vegetable protein sources (wheat gluten and corn gluten). Diets were 

also supplemented with selected crystalline indispensable amino acids and dicalcium 

phosphate to avoid essential amino acid or phosphorus imbalance. 
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Table 3.1. Ingredient and proximate composition of experimental diets. 

Ingredients, g·kg-1 CTRL KI EDDI LAM 

Fishmeal LT 701 100 100 100 100 
Fishmeal FAQ2 200 200 200 200 
Wheat gluten3 40 40 40 55 
Corn gluten4 116 116 116 120 
Soybean meal5 140 140 140 140 
Whole wheat 139 139 139 80 
Dehulled pea grits6 90 90 90 30 
Fish oil7 140 140 140 140 
Vitamin and mineral premix8 10 10 10 10 
Guar gum9 5 5 5 5 
Dicalcium phosphate10 10 10 10 10 
L-Lysine11 5 5 5 5 
DL-Methionine12 5 5 5 5 
KI (mg·kg-1)13  29.1   
EDDI (mg·kg-1)13   25.2  
Macroalgae meal14    100 
     
Dry matter (DM), % 94.8 ± 0.1 94.3 ± 0.1 93.7 ± 0.1 91.7 ± 0.0 
Crude protein, %DM 42.4 ± 0.0 42.1 ± 0.3 42.8 ± 0.1 42.3 ± 0.5 
Crude fat, % DM 17.0 ± 0.2 16.7 ± 0.0 17.0 ± 0.1 16.8 ± 0.5 
Ash, %DM 9.6 ± 0.0 9.5 ± 0.0 9.6 ± 0.0 11.5 ± 0.1 
Total phosphorus, % DM  1.4 ± 0.0 1.5 ± 0.1 1.4 ± 0.0 1.4 ± 0.0 
Iodine, mg·kg-1 DM 2.4 ± 0.4 26.1 ± 1.7 22.9 ± 1.7 426.2 ± 24 
Gross energy, kJ·g-1 DM 21.7 ± 0.1 21.7 ± 0.0 21.8 ± 0.2 21.5 ± 0.1 

1 Peruvian fishmeal LT: 71% crude protein (CP), 11% crude fat (CF), EXALMAR, Peru. 2 Fair Average Quality (FAQ) 
fishmeal: 62% CP, 12%CF, COFACO, Portugal. 3 VITEN: 85.7% CP, 1.3% CF, ROQUETTE, France. 4 Corn gluten feed: 
61% CP, 6% CF, COPAM, Portugal. 5 Solvent extracted dehulled soybean meal: 47% CP, 2.6% CF, SORGAL SA, 
Portugal. 6 Aquatex G2000: 24% CP, 0.4% CF, SOTEXPRO, France. 7 COPPENS International, The Netherlands. 
8 Premix for marine fish, PREMIX Lda, Portugal. Vitamins (IU or mg/kg diet): DL-alpha tocopherol acetate, 100 
mg; sodium menadione bisulphate, 25mg; retinyl acetate, 20000 IU; DL-cholecalciferol, 2000 IU; thiamin, 30mg; 
riboflavin, 30mg; pyridoxine, 20mg; cyanocobalamin, 0.1mg; nicotinic acid, 200mg; folic acid, 15mg; ascorbic 
acid, 1000mg; inositol, 500mg; biotin, 3mg; calcium panthotenate, 100mg; choline chloride, 1000mg, betaine, 
500mg. Minerals (g or mg/kg diet): cobalt carbonate, 0.65mg; copper sulphate, 9mg; ferric sulphate, 6mg; 
potassium iodide, 0.5mg; manganese oxide, 9.6mg; sodium selenite, 0.01mg; zinc sulphate,7.5mg; sodium 
chloride, 400mg; calcium carbonate, 1.86g; excipient wheat middlings. 9 Seah International, France. 10 Dicalcium 
phosphate: 18% phosphorus, 23% calcium, Fosfitalia, Italy. 11Biolys 54.6%, EVONIK Nutrition & Care GmbH, 
Germany. 12DL-METHIONINE FOR AQUACULTURE 99%, EVONIK Nutrition & Care GmbH, Germany 13Sigma-
Aldrich: KI - potassium iodide ref. 30315; EDDI - ethylenediamine dihydroiodide, ref. S573019. 14 Dry Laminaria 
digitata: 5.4% CP, 0.5% CF, 3700 mg iodine/kg, Agrimer, France. 

 

Ingredients were ground (below 250 µm) in a micropulverizer hammer mill (model SH1, 

Hosokawa-Alpine, Germany). Powdered ingredients were then mixed accordingly to the 

target formulation in a double-helix mixer (model 500L, TGC Extrusion, France), No oils were 

incorporated at this stage. Both CTRL and LAM diets were manufactured by SPAROS, at a 

pellet size of 5.0 mm, by means of a twin-screw extruder (model BC45, Clextral, France) with 
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a screw diameter of 55.5 mm and temperature ranging 115-118°C. Upon extrusion, feeds 

were dried in a vibrating fluid bed dryer (model DR100, TGC Extrusion, France). After cooling 

of the pellets, the oils were added by vacuum coating (model PG-10VCLAB, Dinnissen, The 

Netherlands). At this stage, and using the pellets from the CTRL treatment, KI and EDDI 

products were blended with fish oil and applied by vacuum coating. Throughout the duration 

of the trial, experimental feeds were stored at room temperature, but in a cool and aerated 

emplacement. Samples of each diet were taken for proximate composition and total iodine 

analysis (Table 3.1). 

 

Growth trial and sampling 

The trial was conducted at the Experimental Research Station of CCMAR (Faro, Portugal). 

Experiments were directed by trained scientists (following category C FELASA 

recommendations) and conducted according to the European guidelines on protection of 

animals used for scientific purposes (EC 2010 - Directive 2010/63/EU). 

 

Eight homogenous groups of 35 seabream each, with a mean initial body weight of 252 g 

were stocked in 1000 L circular plastic tanks. Fish were fed to apparent satiety, by hand, 

three times a day (09.30, 14.30 and 16.30h) during week days, twice a day in Saturdays and 

unfed on Sundays. Excess feeding was minimized, and feed intake was quantified throughout 

the trial. Each experimental treatment was tested in duplicate tanks over 118 days. Rearing 

tanks were supplied with flow-through gravel-filtered, aerated seawater (salinity: 35 parts 

per thousand; temperature: 22-27°C; dissolved oxygen 6.9 ± 1.1 mg·L-1) and subjected to 

natural photoperiod changes through summer conditions. Final samplings were done 48 

hours following the last meal. Fish were slaughtered by immersion in ice-saltwater slurry 

(4:1) until death. At the start (6 fish from the initial stock) and at the end of the trial, three 

fish from each tank were sampled for analysis of whole-body composition. Moreover, 

seabream skinless right fillets were collected at the start (n=2), after 6 and 12 weeks (n=2) 

and at the end of trial (n=2 pools of 3 fish each), stored at -80°C for analysis of iodine content 

and fatty acid composition. Left fillets collected at the end of the trial were also used for 
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quantitation of iodine content after being subjected to a culinary steam-cooking process. For 

sensory analysis, after slaughter, fish were packed in insulated polystyrene boxes, with the 

ventral side upward, covered with plastic and flaked ice and immediately transported to the 

laboratory. Fifteen fish from each treatment were weighed, scaled and filleted 24 h after 

death. Left and right fillets (with skin) were separately packed in low density polypropylene 

bags (15.2 x 33.0 cm) and kept at 4°C until sensory assessment.  

 

Culinary steam-cooking processing 

Regarding the effect of culinary processing on the iodine content of seabream fillets only two 

treatments were evaluated, the control and LAM groups. From each treatment, six fillets 

with 1.5 mm thick were divided at random in two pools of three fillets, weighted and 

wrapped in aluminium foil. Each pool was individually steam cooked for 15 min in a 

household Themomix TM31 equipped with a Varoma tray (Vorwerk International Strecker & 

co., Wollerau, Switzerland). Temperature was set over 100°C to generate hot steam and the 

mixing bowl contained 1 litre of tap water. At each cooking process the mixing bowl was 

refiled with 1l of tap water and fillets were only introduced in the tray when it reached the 

set steam temperature. After cooking, fillets were left to cool for 10 min with the aluminium 

foil closed to avoid steam losses. Water losses were quantified, and cooked fillets were 

weighed and stored frozen at -20ºC until iodine and fatty acid analysis. 

 

Analytical methods 

Proximate composition analysis of the diets and whole fish was made by the following 

procedures: dry matter by drying at 105°C for 24 h; ash by combustion at 550°C for 12 h; 

crude protein (N×6.25) by a flash combustion technique followed by a gas chromatographic 

separation and thermal conductivity detection (LECO FP428, Leco Instruments, USA); crude 

fat after dichloromethane extraction by the Soxhlet method; total phosphorus according to 

the ISO/DIS 6491 method using the vanado-molybdate reagent; and gross energy in an 

adiabatic bomb calorimeter (model C2000, IKA-Werke GmbH & Co. KG, Staufen, Germany). 

Iodine content of feeds and fillets was determined according to Mesko et al. (2010) by 
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inductively coupled plasma-mass spectrometry (ICP-MS) at an external analytical laboratory. 

Briefly, samples were digested by microwave-assisted acid digestion (Multiwave 3000, Anton 

Parr, Graz, Austria) with nitric acid and hydrogen peroxide. After cooling, digests were diluted 

with ammonium hydroxide and iodine was determined by ICP-MS (model X7, Thermo 

Elemental, Franklin, MA, USA), using potassium iodate (KIO3) as standard. The accuracy of 

the iodine quantification method was assessed in both feed and fillet samples, by spiking 

samples (n=3) with graded levels of KIO3 standard (spike recovery ranged from 97.8 to 

100.4%). Total lipids in the fillets were extracted according to the method of Folch et al. 

(1957) and subsequently, the fatty acid composition of fillets was determined by gas-

chromatography analysis of methyl esters, according to the procedure of Lepage and Roy 

(1986) , modified by Cohen et al. (1988) and described in further detail by Costa et al. (2013). 

Based on the fatty acid profile of steam-cooked seabream fillets, the atherogenic and 

thrombogenic index (AI and TI, respectively) were calculated accordingly to Ulbricht and 

Southgate (1991) for evaluation of the predisposition for incidence of coronary heart disease. 

The nutritional contribution (NC) of steam cooked seabream fillets was calculated as the 

percentage of the Daily Recommended Intake (DRI) for iodine and of the Daily Adequate 

Intake (DAI) for combined EPA and DHA, according to the following formula:  

 

DAI  or  DRI

MC
  100(%) NC


=

 

Where: 
C: mean concentration of nutrient (iodine or EPA+DHA) in mg·kg-1 
M: meal fillet portion consumed is 0.160 kg, assuming a 40% fillet yield in a commercial size seabream of 0.400 
kg. 
DRI for iodine is 0.150 mg·d-1 for adolescents and adults (WHO and FAO, 2004). 
DAI for EPA+DHA is 500 mg·d-1 for cardiovascular health in adults (ISSFAL , 2004). 

 

Sensory Evaluation 

Sensory evaluation was carried out in an acclimatized room equipped with individual booths. 

To reduce the variability within the fillets, the parts close to the head and the tail were 

rejected. Each fillet was individually wrapped with aluminium foil to avoid odour losses and 

cooked for 6 min at 100 ºC in a saturated steam oven (Rational Combi-Master CM6 Cross 
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KuchentechnikCmbH, Landsberg, Germany). Cooked fillets were presented to the panellists 

sequentially in coded white dishes under normal white lighting. A difference from control 

test was carried out using a panel composed by eighteen panellists. The test objective was 

the measurement of a perceived overall sensory difference between the control (clearly 

labelled) and the treatments samples. A blind control was also included within the test 

samples and the panellists were informed about it (Meilgaard et al., 1999). Panellists rated 

the size of the difference between the labelled control and the test samples (control was 

evaluated first) on a line scale. The scale ranged from 0 cm – no differences to 12 cm – 

evident differences. Results express the average distance (in cm) between tested samples, 

including the blind-control, and the known control sample. 

 

Statistical analysis 

Growth performance and iodine deposition data are expressed as means of two replicates ± 

standard deviation. Data were subjected to a one-way analysis of variance. Parameters 

expressed as percentages were subjected to arcsin square root transformation. Sensory data 

were analysed by one-way analysis of variance followed by the Dunnet Test to evaluate the 

differences between tested samples and the blind-control. Culinary treatment data was 

analysed with Student’s T-test. Statistical significance was tested at 0.05 probability level. All 

statistical tests were performed using the SPSS software (v21, IBM, USA). 

 

Results  

At the end of the trial fish had doubled their initial weight, reaching a final body weight 

ranging from 489 to 506 g (Table 2). Specific growth rate (SGR) varied between 0.56 and 0.58 

%·day-1, while the feed conversion ratio (FCR) ranged from 1.96 to 2.06. Irrespective of the 

iodine source tested, the elevation of dietary iodine level had no effect (P>0.05) on the feed 

intake, growth rate, feed efficiency or protein efficiency ratio. Similarly, dietary treatments 

had no effect (P>0.05) on the whole-body moisture, protein, fat, ash, phosphorus and energy 

contents (Table 3.2). Data on weight gain, feed intake and whole-body composition of fish 
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allowed the estimation of protein and fat retention, which were not affected (P>0.05) by 

dietary treatments. 

 

Table 3.2. Growth performance, whole-body composition and nutrient retention of fish. 

  CTRL KI EDDI LAM 

IBW1, g  251.4 ± 0.8 251.7 ± 1.2 254.9 ± 0.8 254.6 ± 3.6 
FBW2, g  488.9 ± 2.2 494.7 ± 3.1 505.5 ± 16.9 502.9 ± 8.6 
VFI3  0.98 ± 0.01 0.95 ± 0.02 0.97 ± 0.00 0.97 ± 0.03 
SGR4, %·d-1  0.56 ± 0.01 0.57 ± 0.00 0.58 ± 0.03 0.58 ± 0.00 
FCR5  2.06 ± 0.05 1.96 ± 0.00 1.98 ± 0.11 2.02 ± 0.01 
PER6  1.68 ± 0.07 1.52 ± 0.03 1.52 ± 0.03 1.52 ± 0.03 
      
Body composition Initial     

Moisture, % ww 66.5 61.3 ± 0.1 62.2 ± 0.3 61.1 ± 0.1 63.6 ± 2.3 
Protein, % ww 17.3 17.7 ± 0.2 17.7 ± 0.0 17.8 ± 0.2 17.8 ± 0.8 
Fat, % ww 12.0 16.6 ± 0.3 16.1 ± 0.4 16.3 ± 1.5 15.0 ± 2.0 
Ash, % ww 4.3 3.8 ± 0.3 3.9 ± 0.2 3.9 ± 0.4 3.6 ± 0.2 
Phosphorus, % ww 0.7 0.6 ± 0.1 0.6 ± 0.0 0.6 ± 0.0 0.6 ± 0.0 
Energy, kJ·g-1 ww 8.4 10.5 ± 0.2 10.2 ± 0.4 10.3 ± 0.4 9.5 ± 0.7 
      
      
Retention7      

Protein, % intake  19.7 ± 0.9 21.1 ± 0.4 19.9 ± 2.0 21.4 ± 1.8 
Fat, % intake  63.4 ± 3.5 63.6 ± 1.7 61.7 ± 7.3 56.0 ± 12.6 

Values are means ± standard deviation (n=2). Absence of superscript letters within a row represent no significant 
differences between treatments (P>0.05).  
1 Initial mean body weight. 
2 Final mean body weight. 
3 Voluntary feed intake: crude feed intake / (IBW + FBW) / 2 / 118 days. 
4 Specific growth rate: (Ln FBW – Ln IBW) x 100 /118 days. 
5 Feed conversion ratio: dry feed intake / wet weight gain. 
6 Protein efficiency ratio: wet weight gain / crude protein intake 
7 Retention: 100 x (FBW x final carcass nutrient – IBW x initial carcass nutrient) / nutrient intake. 

 

Dietary iodine supplementation led to a significant increase (P<0.05) of the iodine content in 

seabream fillets (Table 3.3; Figure 3.1). After 118 days of feeding, fish fed the CTRL diet had 

a fillet iodine content of 0.13 mg·kg-1. In comparison to CTRL treatment, seabream fed the 

ethylenediamine dihydroiodide (EDDI) and potassium iodide (KI) supplemented diets showed 

a significant enhancement (P<0.05) of their fillet iodine content (0.17 mg·kg-1). Irrespective 

of the supplemental iodine source, this change represented a 1.3-fold increase over the 

iodine levels found in the CTRL treatment. Additionally, feeding seabream with the iodine-

rich brown algae Laminaria digitata resulted in a 6.5-fold increase (0.84 mg·kg-1 fillet) of fillet 
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iodine content over the levels found in the CTRL treatment. The fillet iodine content found 

in seabream fed the LAM diet was significantly higher (P<0.05) than values found in fish fed 

all other diets. Daily iodine gain at the muscle level followed a similar trend, with lower values 

found in fish fed the CTRL diet (0.65 mg·kg-1·d-1), intermediate in fish fed the KI and EDDI 

diets (1 mg·kg-1·d-1) and highest in those fed the LAM diet (6.57 mg·kg-1·d-1). 

Table 3.3. Iodine content in seabream fillets fed the various experimental diets. 

 CTRL KI EDDI LAM 

Iodine             

Initial raw fillets, mg·kg-1 0.08 ± 0.00 0.08 ± 0.00 0.08 ± 0.00 0.08 ± 0.00 

Final raw fillets, mg·kg-1 0.13 ± 0.01a 0.17 ± 0.00b 0.17 ± 0.00b 0.84 ± 0.02c 

Daily iodine gain, mg·kg-1·d-1 0.65 ± 0.05a 1.04 ± 0.02b 1.00 ± 0.02b 6.57 ± 0.21c 

Steam-cooked fillets, mg·kg-1 0.10 ± 0.01a  −   −  0.74 ± 0.03b 

Iodine losses1, % 19.6 ± 10.6  −   −  12.5 ± 1.1 

             

Nutritional contribution, % DRI2             

Iodine 10.7    −   −  78.6   

Values are means ± standard deviation (n=2). Each replicate sample was a pool of three fillets. 
Different superscripts within rows represent significant differences between treatments (P<0.05). 
1 Iodine losses: 100 x (iodine raw sample - iodine cooked sample) / iodine raw sample. 
2 For definition of DRI calculations please refer to section 2.4. 

 

 

Figure 3.1. Iodine content of seabream fillets over the experimental feeding period. Day 43 
and day 86 values represent one analysis of a pool sample from each treatment.  
Bars with different superscripts letters indicate significant differences between treatments (P<0.05). 

 

Compared to raw fillets, steam cooked fillets showed a 19.6% loss of iodine in the CTRL 

treatment and 12.5% loss in the LAM treatment (Table 3). However, these fillet iodine losses 
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were not significantly different (P>0.05) by the dietary treatments. Water loss during steam-

cook processing averaged 14% (data not showed) in both treatments. The iodine nutritional 

contribution associated to the consumption of a steam-cooked seabream fillet (portion of 

160 g steam-cooked fillet, assuming a 40% fillet yield in a 400 g market size fish) is also 

presented in Table 3.3. Consumption of CTRL fillets represents 11% of the iodine Daily 

Recommended Intake (DRI) while consumption of LAM fillets cover almost 80% of iodine DRI. 

 

The fillet fatty acid content of seabream fed diets CTRL and LAM is presented in Table 3.4. In 

comparison to the CTRL treatment, feeding seabream with the iodine-rich brown algae 

Laminaria digitata had no effect (P>0.05) on the fatty acid content of fillet. In comparison to 

the raw fillets, the steam-cooking culinary treatment was associated to a general trend to 

decrease the fillet fatty acids content, which was statistically significant (P<0.05) for total 

SFA, C18:2 n-6, C18:3 n-3, C18:4 n-3, C20:4 n-6, total PUFA n-3 and total PUFA n-6. The 

atherogenic index (AI) in both raw and steam cooked seabream fillets ranged from 0.545 to 

0.559, while the thrombogenic index (TI) varied between 0.283 and 0.289. The nutritional 

contribution of eicosapentaenoic (EPA) and docosahexaenoic (DHA) fatty acids, associated 

to the consumption of steam-cooked seabream fillet were also calculated (Table 3.4). 

Irrespective of the dietary treatment, consumption of a 160 g portion of seabream fillet 

contributes to 370% of the Daily Adequate Intake (DAI) of combined EPA and DHA for 

enhanced cardiovascular health in adults. 
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Table 3.4. Summarised fatty acids content of raw (R) and steam-cooked (SC) fillets. 

Fatty acids1 Experimental treatments ANOVA P value2 

(mg·100 g-1 fillet) CTRL - R CTRL-SC LAM - R LAM – SC D C D x C 

Total SFA3 2387 ± 44 2320 ± 29 2350 ± 6 2286 ± 15 NS 0.025 NS 
Total MUFA4 2655 ± 17 2616 ± 43 2678 ± 19 2614 ± 40 NS NS NS 
        
C18:2 n-6 567 ± 3 552 ± 1 568 ± 3 556 ± 1 NS 0.001 NS 
C18:3 n-3 99 ± 4 93 ± 2 99 ± 4 90 ± 4 NS 0.049 NS 
C18:4 n-3 162 ± 4 148 ± 3 159 ± 3 150 ± 4 NS 0.011 NS 
C20:4 n-6 63 ± 3 56 ± 3 61 ± 4 55 ± 2 NS 0.035 NS 
C20:4 n-3 68 ± 2 62 ± 5 64 ± 2 59 ± 3 NS NS NS 
C20:5 n-3 [EPA]5 683 ± 29 645 ± 20 673 ± 20 657 ± 32 NS NS NS 
C22:5 n-3 247 ± 5 239 ± 12 244 ± 19 232 ± 8 NS NS NS 
C22:6 n-3 [DHA]5 491 ± 9 476 ± 3 489 ± 13 478 ± 5 NS NS NS 
Total PUFA6 2529 ± 27 2403 ± 8 2512 ± 51 2416 ± 25 NS 0.008 NS 
        
Total PUFA n-3 1773 ± 23 1691 ± 9 1753 ± 59 1697 ± 21 NS 0.045 NS 
Total PUFA n-6 669 ± 6 647 ± 5 669 ± 1 651 ± 0 NS 0.002 NS 
PUFA n-3/n-6 2.65 ± 0.01 2.61 ± 0.03 2.62 ± 0.09 2.61 ± 0.03 NS NS NS 
EPA + DHA 1174 ± 37 1121 ± 22 1161 ± 33 1135 ± 37 NS NS NS 
        
AI7 0.559  0.547 0.551 0.543    
TI8 0.286 0.289 0.283 0.283    
        
Nutritional contribution, % MDAI9      
EPA + DHA  329  325    

Values are means ± standard deviation (n=2). Each replicate sample was a pool of three fillets. 
1 Despite not shown in this summarised format, all identified fatty acids were considered in the composite 
fractions. 
2 Two-way ANOVA, D: diet; C: cooking. 
3 SFA: Saturated fatty acids. 
4 MUFA: Monounsaturated fatty acids. 
5 EPA (C20:5n-3) and DHA (C22:6n-3). 
6 PUFA: Polyunsaturated fatty acids. 
7 AI: (C12:0 + (4 x C14:0) + C16:0) / (Total MUFA + Total n-3 + Total n-6) 
8 TI: (C14:0 + C16:0 + C18:0) / ((0.5 x Total MUFA) + (0.5 x Total n-6) + (3 x Total n-3) + ratio n-3/n-6). 
9 For calculation of Minimum Daily Adequate Intake please refer to section 2.4. 

 

The potential effect of iodine supplementation on the sensory quality of fish flesh was 

evaluated by an overall difference test (difference from control test) applied to steam-

cooked fillets (fig 3.2). As expected, the blind-control sample was considered the closest to 

the known control followed by LAM treatment while the fillets from KI and EDDI treatments 

were considered the most different from CTRL fish. Nevertheless, these differences were 

significant only for EDDI treatment which distanced around 42 % from CTRL in the line scale. 
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In this test sensory attributes were not individually evaluated, though panellists were invited 

to comment on what motivated their classification. The taste was the main attribute referred 

for the perceived difference in fillets from EDDI and KI diets. 

 

Figure 3.2. Overall sensory difference (difference from control test) of seabream fillets 
supplemented with various iodine sources.  
Bars with different superscript letters indicate statistical differences between samples and the blind-control 
(Dunnet test, P<0.05). 

 

Discussion 

Iodine is an essential trace element and an integral component of thyroid hormones, with 

multiple biological functions in humans and animals. Fish easily absorb iodine from the diet 

through the digestive tract (Gregory and Eales, 1975), but can also uptake it from the 

surrounding water via the gills (Hunn and Fromm, 1966; Hunt and Eales, 1979). Iodine 

requirements are not established for most fish and may vary considerably depending on 

species and physiological status (Watanabe, 1997).  However, dietary iodine levels of 1 to 5 

mg·kg-1 have been estimated as adequate for most fish species (Lall, 2003; National Research 

Council, 2011). In commercial aquaculture feeds, iodine is generally derived from fishmeal 

and added as potassium iodide (KI) in the mineral premix. The iodine content is generally 

high in diets for carnivorous fish, which are based mainly on fishmeal (0.8-8 mg·kg-1; 

Underwood and Suttle, 2001 ). The mean iodine content in commercial fish feed was 

reported to be 4.6 mg·kg-1, and ranged between 1.2-10.5 mg·kg-1 (Julshamn  et al., 2001). 
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The trend towards a reduction of fishmeal incorporation levels and the concomitant use of 

glucosinolates-rich plant ingredients (e.g. rapeseed meal), may potentiate the need for a 

compensatory increase of commonly use dietary iodine levels in fish feeds. According to the 

EU FEEDAP EFSA Panel, in farmed fish, the supplementation of the diet with the maximum 

recommended levels (20 mg·kg-1) still results in tissue concentrations lower than those found 

in wild marine fish (EFSA, 2005). Potassium iodide (KI) supplementation (20 mg I·kg-1) of a 

commercial diet was reported to enhance weight gain and reduce stress responses of 

steelhead trout (Gensic et al., 2004), while iodine supplementation (as KI) in moist pellets up 

to 86 mg I·kg-1 increased salmon fillet iodine concentration without impacting growth or 

plasma thyroid hormone status (Julshamn  et al., 2006). Moreover, iodine supplemented 

diets were shown to improve the immune status and decrease disease susceptibility in 

salmonids (Gensic et al., 2004; Lall  et al., 1985; Mustafa and MacKinnon, 1999). Our study 

shows that an increase of dietary iodine levels, from 2.4 mg·kg-1 DM (CTRL diet) to maximum 

recommended levels of 23-26 mg·kg-1 DM (diets EDDI and KI) and to a much higher level of 

426 mg·kg-1 DM (diet LAM) had no effect on feed intake, growth rate, feed efficiency or 

nutrient utilization of gilthead seabream. However, the impact of high iodine intake on the 

homeostasis of thyroid function in fish requires a detailed assessment to avoid any potential 

goitrogenic effects. Whole-body composition of seabream was not affected by this wide 

variation on dietary iodine levels. The similar performance criteria observed with the 

inorganic (KI) and organic (EDDI) iodine supplemental forms suggests a similar utilization of 

both forms. However, our data does not allow us to dismiss differences on the bioavailability 

or metabolic role among these two iodine forms.   

 

Over recent years, there has been a renewed interest on the use of macroalgae in 

aquaculture feeds. Available literature data shows that dietary macroalgae, such as Porphyra, 

Ascophyllum and Ulva, used at 4-10% dietary levels, promoted growth performance in Nile 

tilapia (Ergün et al., 2009) and had no detrimental effects in rainbow trout (Dantagnan et al., 

2009; Soler-Vila et al., 2009), in gilthead seabream (Emre et al., 2013) and European seabass 

(Valente et al., 2006). Higher inclusion levels were described by Kraan and Mair (2010), 
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showing that the utilization of 15% of a marine macroalgae mix in salmon feeds resulted in 

improvements of growth rate, feed conversion, flesh flavour and texture and resistance to 

sea lice infestation. Our study demonstrates that the incorporation at a 10% level of the 

brown algae Laminaria digitata had no effect on the growth performance, feed conversion 

or nutrient utilization in gilthead seabream. 

 

Given its low to moderate protein content (12-30%), macroalgae are difficult to promote as 

a bulk ingredient in fish feeds (Shields and Lupatsch, 2012). However, marine macroalgae 

may have a great potential in the animal feed sector as a functional ingredient (products 

incorporated in the feed to convey a benefit above and beyond fulfilling the basic nutritional 

needs). Within a broad concept of sustainable, chemical- free and organic farming, which is 

highly appealing to consumers, marine macroalgae stand out as a potential source of natural 

mineral additives to replace inorganic mineral salts that are most commonly used in the 

animal feed industry. The use of macroalgae as part of a dietary bio-fortification strategy of 

farmed fish shows great potential in delivering tailored fish with health valuable trace 

minerals to consumers. Our study shows that dietary iodine supplementation is an effective 

strategy to increase the iodine content in seabream fillets. After 118 days of feeding, fish fed 

the basal dietary levels (CTRL diet) had a fillet iodine content of 0.13 mg·kg-1, while those fed 

the diets supplemented at the maximum recommended levels (diets KI and EDDI) showed a 

1.3-fold increase of fillet iodine levels. However, the dietary incorporation of the iodine-rich 

brown macroalgae Laminaria digitata was the most efficient form to fortify seabream fillets, 

resulting in a 6.5-fold increase over the control fish. In a previous study, Schmid et al. (2003) 

reported that the dietary use of this same macroalgae originated a 4-fold increase of the 

iodine content in the fillet of freshwater char (Salvelinus sp). The fillet fortification with 

inorganic iodine sources has also been studied in fish. In Atlantic salmon fed moist diets 

(minced herring and saithe) supplemented with KI at 40 and 80 mg·kg-1 over 150 days, the 

muscle iodine concentration was increased 1.3 and 2.4-fold respectively, relative to the non-

supplemented diet (Julshamn et al., 2006). Thus, the effectiveness of iodine fortification by 

the incorporation of Laminaria in seabream diet seems very clear. In spite of actual 
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consumers request for healthy food they are also aware about natural sensory properties of 

each food item. Thus, the nutritional improvement of food should avoid negative effects on 

the sensory traits. In this context our sensory results confirm that fillets fortification with 

Laminaria was the most interesting choice since overall sensory quality was the closest to 

the CTRL. 

 

Consumer expectations regarding seafood are closely linked to the fact that fish is often 

identified as one of the richest natural source of health beneficial nutrients, such as the long-

chain n-3 polyunsaturated fatty acids (n-3 PUFA, namely EPA and DHA), selected vitamins 

(e.g. vitamin D3) and trace minerals like iodine and selenium (Larsen  et al., 2011). In our 

study, raw gilthead seabream fillets showed average values of saturated (2.37 ± 0.03 mg·100 

g-1 fresh fillet), monounsaturated (2.67 ± 0.02 mg·100 g-1 fresh fillet) and polyunsaturated 

fatty acids (PUFA) (2.52 ± 0.01 mg·100 g-1 fresh fillet), in accordance to values previously 

reported for this species (Mnari et al., 2010) and extensively reviewed by Grigorakis  et al. 

(2007). Given that in our study the main source of dietary lipids was marine fish oil and it 

remained unchanged among the various diets, the combined content of EPA and DHA (1.17 

± 0.01 mg·100 g-1 fresh fillet) and PUFA n-3/n-6 ratio (2.63 ± 0.02) in raw fillets was relatively 

constant. The iodine content in seafood is extremely variable, with highest values generally 

found in marine fish (1–6 mg I·kg-1 muscle) (Julshamn et al., 2001; Erkan, 2011), and 5 to 10-

fold lower values in freshwater species (Eckhoff and Maage, 1997; Haldimann  et al. 2005). 

Available data shows that the iodine content in fish varies not only among species, but also 

between individuals of the same species, fish size and fillet sampling method since the iodine 

content in the skin can be more than ten times of the muscle tissue (Eckhoff and Maage, 

1997; Erkan, 2011; Julshamn et al., 2001; Karl et al., 2001). In the present work, the iodine 

content in seabream raw skinless fillets ranged from 0.13 mg·kg-1 with the non-

supplemented diet, up to 0.84 mg·kg-1 with 10% inclusion of Laminaria digitata in the feed. 

Using the maximum dietary levels allowed (22-26 mg·kg-1) either as EDDI or KI incremented 

raw fillet iodine content of 0.17 mg·kg-1, in both groups. A previous study reported a muscle 

iodine content of 507 mg·kg-1 in farmed gilthead seabream (Erkan and Özden, 2007), but 
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given the extremely high discrepancy of this value in comparison to the maximum iodine 

levels found in all other fish species, we suspect an error in unit of data expression.  

 

While assessing the nutritional value of fish to the consumer it is important to take into 

account the effect of culinary treatments, since these may to lead to nutrient losses (Badiani 

et al., 2013; Mnari et al., 2010, 2012; WHO, 1996). In the present study, steam-cooking 

originated a mean iodine loss of 13% in seabream fillets of the Laminaria treatment and 20% 

in the control treatment, but these differences were not statistically significant. Our 

estimates of iodine losses in steam-cooked seabream fillets are in line with literature values. 

In broad terms, Winger et al. (2008) estimated that steam-cooking originated 20% average 

losses of iodine. Longvah et al (2012) studied the influence of cooking processes in the iodine 

retention from iodised salt added to food when cooking and observed that 68% iodine was 

retained with steaming. In fish products, a 10% iodine loss during steam-cooking of cod fish 

balls was reported by Karl et al. (2005), and almost all iodine lost during the steaming process 

was accounted in the dripping water. Depending on the species, steam-cooking resulted in 

both losses and concentration of iodine content in several fish species (Erkan, 2011). 

Regarding the fatty acid profile of fillets, our data suggests that in comparison to raw fillets, 

steam-cooking processing tended to decrease the overall fatty acids contents, which was 

statistically significant for total saturated fatty acids, linoleic acid (C18:2n-6), α-linolenic acid 

(C18:3n-3), stearidonic acid (C18:4 n-3), arachidonic acid (C20:4 n-6), total PUFA n-3 and total 

PUFA n-6. Irrespective of the dietary treatment, the average fatty acid reduction in steam-

cooked fillets was 5%. This trend towards a reduction of fatty acid contents in association to 

steam-cooking of seabream fillets was also previously reported by Mnari et al. (2010).  

 

The World Health Organization (WHO et al., 2007) recommendations concerning daily iodine 

intake (RDI) are 150 µg·day-1 for adolescents and adults (from 13 years onwards) and higher 

for pregnant and breastfeeding women (250 µg·day-1). Over the last decades, salt iodization 

programs have been effective in preventing and controlling iodine deficiency disorders. But 

according to Zimmermann and Andersson (2012), these programs need to be strengthened 
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and extended to reach nearly one-third of the global population that still has inadequate 

iodine intakes. At the same time, WHO is promoting the implementation of programs to 

reduce population salt intake as one of the most cost-effective strategies to reduce the 

burden of non-communicable diseases (e.g. cardiovascular diseases). Considering the high 

content of iodine in seafood, its potential use in battling global iodine deficiency may have 

been somewhat neglected. Our data shows that the dietary use of the iodine-rich 

macroalgae (Laminaria digitata) was an effective and natural strategy to fortify seabream 

fillets in iodine, and a portion of 160 g of seabream fillet (edible fraction of a 400 g 

commercial size fish) would cover about 80% of the iodine RDI for young and adults. 

According to Regulation (EC 1924/2006) in the European market, a food item can be labelled 

as “source of iodine” if it supplies 15% of the RDI in 100 g of product and “high in iodine” in 

case of containing at least twice this value (30% of iodine RDI). Under this definition, the 

steam-cooked LAM fillets produced in our trial could be labelled as a food “high in iodine” 

since it supplies 73.7 µg iodine·100 g-1 (49% of RDI) and therefore could be considered as 

functional food (EFSA, 2009a). Moreover, the consumption of this same 160 g portion of 

seabream fillet would represent 370% of the Daily Adequate Intake (DAI) of combined EPA 

and DHA, as recommended for enhanced cardiovascular health in adults (ISSFAL, 2004). 

Since, fish is not generally consumed on a daily basis, calculations of a weekly intake seem 

more appropriate. Consumption of LAM seabream fillets twice a week would cover 105% of 

the adequate EPA+DHA intake for enhanced cardiovascular health and contribute to 22% of 

the weekly recommended iodine intake in adults.   

 

In conclusion, the dietary incorporation of Laminaria digitata, an iodine-rich macroalgae, was 

an effective and natural strategy to fortify gilthead seabream fillets with iodine, without 

compromising fish performance and sensory traits. Nowadays, the successful development 

of novel seafood products requires a strong focus on consumer trends and nutritional needs. 

Regarding the fortification of fish with health-promoting nutrients, the use of natural 

sources, such as algae may facilitate consumer’s acceptance of such tailored fish products. 

But in broader terms, the success of fish as a functional food relies on a delicate balance 
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between the safety and quality of fish for human consumption, the environmental cost and 

welfare standards of production systems and its socio-economic implications. 
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Natural fortification of trout with dietary macroalgae and selenised-yeast 

increases the nutritional contribution in iodine and selenium 

 

 

Abstract   

Fish and seafood consumption are increasing worldwide and the contribution of aquaculture 

products to consumers’ diets is significant. External feeding in aquaculture unlocks the 

possibility of tailoring fish products with health beneficial compounds. A study was 

undertaken to evaluate the feed fortification with an iodine-rich macroalgae (Laminaria 

digitata) and selenised yeast, at its maximum permitted levels, on minerals and vitamins 

content in rainbow trout edible part. Dietary supplementation resulted in a six-fold increase 

for iodine and a 2.9-fold increase for selenium contents in trout fillets without altering 

sensory traits. The fortified fish presented a nutritional contribution of 12.5% DRI for iodine 

and 78% DRI for selenium, but all produced fish could supply 80% DRI for vitamin D3. Overall, 

fish from this trial could be labelled as “high in selenium and high in vitamin D3” under the 

EFSA definition for a functional food. 

Keywords: Rainbow trout; Iodine; Selenium; Vitamin D3; Fortification; Nutritional 

contribution 

 

 

Introduction  

Fish and shellfish are generally associated with healthy dietary patterns and improved 

wellbeing. Seafood is a valuable source of multiple essential nutrients, since most species 

provide the recommended amounts of n-3 long-chain polyunsaturated fatty acids (n-3 

LCPUFA), contributing also to cover the needs of other essential nutrients, such as vitamin 

D, iodine or selenium (EFSA, 2014a). In recent years, the identification of functional bioactive 

nutrients from marine origin and their biological effects has been the object of important 

research efforts (Shahidi and Ambigaipalan, 2015). High fish consumption, with high n-3 
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LCPUFA levels, namely eicosapentaenoic (EPA; 20:5n−3) and docosahexaenoic (DHA; 

22:6n−3) fatty acids, has been unequivocally associated to a protective role against a number 

of human diseases (FAO and WHO, 2011; Raatz et al., 2013). Other essential nutrients such 

as selenium, iodine and vitamin D, of which fish is considered the main dietary source have 

also been positively correlated with disease prevention and improved health status. 

Additionally, recent studies suggest that some health benefits, attributed to LCPUFA, may be 

potentiated in the presence of selenium (Berr et al., 2009) and iodine (Bath et al., 2013). 

These outcomes reinforce the importance of eating fish for its holistic properties rather than 

the ingestion of pills or supplements. A food-based approach has also been recommended 

by nutritionists for achieving nutrient adequacy, preventing and treating diseases. Dietary 

guidelines recommend at least two fish portions per week with cardiovascular protective 

effects and up to four servings per week during pregnancy with better functional outcomes 

of neurodevelopment in children (EFSA, 2014a). 

 

Worldwide seafood consumption is steadily expanding, with per capita records of 20 kg in 

2014, and prospects are to continue rising in the next years (FAO, 2015). Provision of seafood 

from capture fisheries is declining though aquaculture is overcoming this supply issue and 

the actual contribution at world level already overtook that of wild fish for human 

consumption (FAO, 2015). However, the current trend in aquafeeds for replacing marine-

derived ingredients (fish meal and fish oil) by vegetable protein and oil sources can interfere 

with the fish nutritional profile. For instance, vegetable ingredients are often characterized 

by low amounts of n-3 LCPUFAs. Although conditioned by the elemental soil content of 

cultivars, cereals, pulses and oilseeds are also poorer sources of iodine and selenium when 

compared to marine protein ingredients (Van Paemel et al., 2010). Moreover, current levels 

of vitamins and minerals in fish feeds target an optimal fish growth and welfare, without 

regarding a potential enhancement of the beneficial effects to consumers’ health. Within 

this scenario, a new perspective towards consumers’ dietary needs must be considered when 

designing aquafeeds. Fillets traits have already been effectively changed by modulating fish 

feeds in terms of bioactive fatty acids (Kennedy et al., 2007b; Ramos et al., 2008; Rosa et al., 
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2010), selenium (Lorentzen et al., 1994; Schram et al., 2010) and iodine (Julshamn et al., 

2006; Ramalho Ribeiro et al., 2015). However, the efficacy of muscle fortification seems to 

be dependent on supplemental dose, feeding strategies and, also important, the supplement 

product form (inorganic vs. organic). Additionally, some of these studies also lack an overall 

assessment regarding the nutritional contribution of fish to human consumption. 

 

A dietary fortification trial was performed with rainbow trout owed to its importance as a 

major freshwater species consumed in Europe. The macroalgae Laminaria digitata and 

selenium-enriched yeast were used as iodine and selenium sources and their effects on fish 

fortification were evaluated, either isolated or concomitantly. Afterwards, the nutritional 

contribution was estimated, and sensory traits of trout fillets were also assessed. 

 

Material and methods  

Experimental diets 

Four experimental diets were formulated to be isonitrogenous (42.7% crude protein), 

isolipidic (23.3% crude fat) and isoenergetic (23.5 MJ·kg-1 gross energy) (table 3.5). A control 

diet (CTRL), similar to a commercial trout feed was formulated to contain 1.9 mg iodine·kg-1 

supplied as potassium iodide and 0.25 mg selenium·kg-1, supplied as sodium selenite through 

the mineral premix and the endogenous content of the various ingredients. Based on this 

control formulation, three other experimental diets were manufactured. The LAM diet 

targeted an iodine level of 20 mg·kg-1, supplied as Laminaria digitata, an iodine-rich 

macroalgae; SE diet targeted a total selenium level of 0.5 mg·kg-1, supplied partially as 

selenium enriched yeast and LAMSE diet with a simultaneous supplementation of 20 mg 

iodine·kg-1, as Laminaria digitata, and of 0.5 mg selenium·kg-1, supplied as selenised yeast. 

The levels of 20 mg iodine·kg-1 and 0.5 mg selenium·kg-1 were adopted since it is the currently 

authorized maximum content of total iodine and selenium in complete feeds for fish in the 

European market. Experimental extruded diets were manufactured at SPAROS Lda (Olhão, 

Portugal). 
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Table 3. 5. Ingredient and proximate composition of experimental diets. 

Ingredients, g·kg-1 CTRL LAM SE LAMSE 

Fishmeal LT 701 125.00 125.00 125.00 125.00 
Fishmeal 602 50.00 50.00 50.00 50.00 
Soy protein concentrate3 160.00 160.00 160.00 160.00 
Wheat gluten4 100.00 100.00 100.00 100.00 
Corn gluten5 100.00 100.00 100.00 100.00 
Soybean meal6 50.00 50.00 50.00 50.00 
Rice protein concentrate7 50.00 50.00 50.00 50.00 
Wheat meal8 121.30 117.65 121.20 117.55 
Fish oil9 195.00 195.00 195.00 195.00 
Vitamin and mineral premix10 10.00 10.00 10.00 10.00 
Soy lecithin11 2.00 2.00 2.00 2.00 
Guar gum12 4.00 4.00 4.00 4.00 
Zeolite13 10.00 10.00 10.00 10.00 
Antioxidant14 2.00 2.00 2.00 2.00 
Dicalcium phosphate15 11.40 11.40 11.40 11.40 
Astaxanthin 0.30 0.30 0.30 0.30 
L-Lysine16 7.00 7.00 7.00 7.00 
DL-Methionine17 2.00 2.00 2.00 2.00 
Macroalgae (Laminaria)18  3.65  3.65 
Selenised yeast19   0.10 0.10 
     
Dry matter (DM), % 95.2 ± 0.1 95.7 ± 0.1 96.0 ± 0.2 95.8 ± 0.0 
Crude protein, %DM 42.7 ± 0.1 42.6 ± 0.4 42.7 ± 0.0 42.8 ± 0.1 
Crude fat, % DM 23.3 ± 0.1 23.4 ± 0.2 23.4 ± 0.1 23.4 ± 0.1 
Ash, %DM 8.5 ± 0.0 8.8 ± 0.1 8.7 ± 0.1 8.8 ± 0.1 
Total phosphorus, % DM  1.13 ± 0.02 1.21 ± 0.03 1.14 ± 0.02 1.20 ± 0.01 
Iodine, mg·kg-1 DM 1.89 ± 0.11 22.70 ± 1.49 2.09 ± 0.06 22.35 ± 3.13 
Selenium, mg·kg-1 DM 0.24 ± 0.02 0.26 ± 0.02 0.53 ± 0.02 0.51 ± 0.01 
Gross energy, kJ·g-1 DM 23.5 ± 0.1 23.6 ± 0.2 23.5 ± 0.1 23.5 ± 0.0 

1 Peruvian fishmeal LT: 71% crude protein (CP), 11% crude fat (CF), EXALMAR, Peru. 2 Fair Average Quality (FAQ) 
fishmeal: 62% CP, 12%CF, COFACO, Portugal. 3Soycomil P: 65% CP, 0.8% CF, ADM, The Netherlands. 4VITEN: 
85.7% CP, 1.3% CF, ROQUETTE, France. 5Corn gluten meal: 61% CP, 6% CF, COPAM, Portugal. 6Solvent extracted 
dehulled soybean meal: 47% CP, 2.6% CF, SORGAL SA, Portugal. 7Rice 50: 48.3%CP, 6.5% CF, SEAH International, 
France. 8Wheat meal: 10.2% CP; 1.2% CF, Casa Lanchinha, Portugal.  9COPPENS International, The 
Netherlands.10Premix for marine fish, PREMIX Lda, Portugal. Vitamins (IU or mg/kg diet): DL-alpha tocopherol 
acetate, 100 mg; sodium menadione bisulphate, 25mg; retinyl acetate, 20000 IU; DL-cholecalciferol, 2000 IU; 
thiamin, 30mg; riboflavin, 30mg; pyridoxine, 20mg; cyanocobalamin, 0.1mg; nicotinic acid, 200mg; folic acid, 
15mg; ascorbic acid, 1000mg; inositol, 500mg; biotin, 3mg; calcium panthotenate, 100mg; choline chloride, 
1000mg; betaine, 500mg. Minerals (g or mg/kg diet): cobalt carbonate, 0.65mg; copper sulphate, 9mg; ferric 
sulphate, 6mg; potassium iodide, 0.5mg; manganese oxide, 9.6mg; sodium selenite, 0.01mg; zinc 
sulphate,7.5mg; sodium chloride, 400mg; calcium carbonate, 1.86g; excipient wheat middlings. 11Lecico 
P700IPM, LECICO GmbH, Germany. 12Seah International, France. 13Kielseguhr, LIGRANA GmbH, Germany. 
14Paramega PX, Kemin Europe NV, Belgium. 15Dicalcium phosphate: 18% phosphorus, 23% calcium, Fosfitalia, 
Italy.  16Biolys 54.6%, EVONIK Nutrition & Care GmbH, Germany. 17DL-METHIONINE FOR AQUACULTURE 99%, 
EVONIK Nutrition & Care GmbH, Germany. 18 Dry Laminaria digitata: 5.4% CP, 0.5% CF, 3700 mg iodine/kg, 
Agrimer, France. 19ALKOSEL R397: 2200 mg selenium/kg, Lallemand, France. 
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Growth trial and sampling 

The trial was conducted at the Experimental Research Station of University of Trás-os-

Montes e Alto Douro (UTAD, Portugal). Experiments were directed by trained scientists 

(following category C FELASA recommendations) and  in compliance with the European 

(Directive 2010/63/EU) and Portuguese (Decreto-Lei nº. 113/2013, de 7 de Agosto) 

legislation on the protection of animals for scientific purposes. UTAD facilities and their staff 

are certified to house and conduct experiments with live animals ('group-1' license by the 

'Direção Geral de Veterinária', Ministry of Agriculture, Rural Development and Fisheries of 

Portugal).  

 

Eight homogenous groups of 48 rainbow trout each, with a mean initial body weight of 238 

g were stocked in 350 L fiberglass tanks, supplied with flow-through freshwater (water-flow 

rate: 7 L∙min− 1, temperature: 15 ± 1 °C) and exposed to natural photoperiod conditions (14 

light/10 h dark). Each experimental treatment was tested in duplicate tanks over 91 days. 

Fish were hand-fed to apparent satiety, twice a day. Final samplings were done 48 hours 

following the last meal and fish were slaughtered by immersion in ice-water slurry (4:1) until 

death. At the start (6 fish from the initial stock) and at the end of the trial, three fish from 

each tank were sampled for analysis of whole-body composition. Moreover, trout skinless 

fillets were collected at the start (n=3) and at the end of trial (n=2 pools of 3 fish each), stored 

at -80 °C for analysis of minerals and vitamins content and fatty acid composition. For sensory 

analysis, ten fish from each treatment were weighed, scaled, filleted and kept at 4 °C until 

sensory assessment. 

 

Analytical methods 

Proximate composition analysis of the diets and whole fish was made by the following 

procedures: dry matter by drying at 105°C for 24 h; ash by combustion at 550°C for 12 h; 

crude protein (N×6.25) through the release of nitrogen by a combustion technique followed 

by thermal conductivity detection (LECO FP528, Leco Instruments, USA); crude fat after 

dichloromethane (CID: 6344) extraction by the Soxhlet method; total phosphorus in the 
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feeds was quantified according to the ISO/DIS 6491 method using the vanado-molybdate 

reagent; and gross energy in an adiabatic bomb calorimeter (model C2000, IKA-Werke GmbH 

& Co. KG, Staufen, Germany). Minerals (Fe, Zn, Mg, K, I and Se) content in feeds and fillets 

was determined at an external certified laboratory (Silliker, Mérieux Nutrisciences, Portugal) 

by microwave digestion with nitric acid and hydrogen peroxide (CID: 784), followed by 

inductively coupled plasma mass spectrometry (ICP-MS) detection. Digested sample 

solutions were analysed for I, Se, Fe, Zn, K and Mg using certified external calibration 

standards (Inorganic Ventures Europe S.L., Spain). Standards were prepared by 

systematically diluting 1000 μg∙mL-1 stock solutions of the respective elements and the 

calibration curves of five concentration points showed correlation coefficients (R) between 

0.995 and 1. Reagent blanks (n=6) were prepared in identical conditions. Spiking was 

performed, for each element, in two trout fillet samples as a method validation tool. 

Recovery values were in the range 93.7–106.1%, which felt within the acceptance level of 

the certified laboratory. Limit of detection (LOD) and limit of quantification (LOQ) were 

calculated by the formulas LOD = 3 σ/b and LOQ = 10 σ/b, where σ = standard deviation of 

the blank and b = slope of the calibration curve. The LOD (mg∙kg-1) for the various elements 

were: I (0.0004), Se (0.0013), Fe (0.0632), Zn (0.0034), K (0.0022) and Mg (0.0844). The LOQ 

(mg∙kg-1) for the various elements were: I (0.0011), Se (0.0227), Fe (0.1172), Zn (0.0086), K 

(0.0054) and Mg (0.2212). The same external laboratory determined also Vitamin D3 

(cholecalciferol) by reversed phase HPLC with UV detection, according to the AOAC method 

2002.05 and vitamin A (all-E-retinol, 13-Z-retinol) by HPLC according to EN 12823-1:2014 

method. Total lipids in the fillets were extracted according to the method of Folch, Lees and 

Stanley (1957). The fatty acid composition of fillets was determined by gas-chromatographic 

analysis of methyl esters, according to the procedure of Lepage and Roy (1986), modified by  

Cohen et al. (1988) and described in further detail by Costa et al. (2013).  Data in mg/100 g 

of edible part were calculated using the peak area ratio (% of total fatty acids) and the lipid 

conversion factors set by Weihrauch et al. (1977). Based on the fatty acid profile of trout 

fillets, the atherogenic (1) and thrombogenic (2) index (AI and TI, respectively) were 
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calculated accordingly to Ulbricht and Southgate (1991) for evaluation of the predisposition 

for incidence of coronary heart disease. 

 

AI =
C12:0 + (4 x C14:0) + C16:0  

Total MUFA + Total n-3 + Total n-6
   (1) 

  

TI = 
C14:0 + C16:0 + C18:0

(0.5 x Total MUFA) + (0.5 x Total n-6) + (3 x Total n-3) + ratio n-3/n-6
 (2) 

 

 

Nutritional Contribution 

The nutritional contribution (NC) of trout fillets was calculated as the percentage of the Daily 

Recommended Intake (DRI)/Dietary reference values (DRVs) for selected minerals and 

vitamins and also of the Daily Adequate Intake (DAI) for combined EPA and DHA. When 

distinct recommendations exist for males and females, calculations were adapted 

accordingly and the following formula (3) was used:  

 

NC (%) = 
C x M

DRI/DRV or DAI 
 x 100    (3) 

Where: 
C: mean concentration of nutrient in g·kg-1, mg·kg-1 or µg·kg-1. 
M: meal fillet portion consumed is 0.160 kg (Costa et al., 2013). 
DRV established as Adequate Intake (AI) for iodine is 0.150 mg·d-1 for adults (EFSA, 2014b). 
DRV established as Adequate Intake (AI) for selenium is 0.070 mg·d-1 for adults (EFSA, 2014c) 
DRI established as Recommended Dietary Allowance for iron is 8.0 mg·d-1 for males and 18 mg·d-1 for females 
(Institute of Medicine [IOM], 2001). 
DRV established as Population Reference Intakes (PRIs) for zinc are 7.5 to 12.7 mg·d-1 for women (mean value 
= 10.1 mg·d-1) and 9.4 to 16.3 mg·d-1 for men (mean value = 12.9 mg·d-1) (EFSA, 2014d) 
DRI established as Adequate Intake (AI) for potassium is 4.7 g·d-1 for adolescents and adults (IOM, 2005b). 
DRV established as Adequate Intake (AI) for magnesium is 350 mg·d-1 for adult males and 300 mg·d-1 for adult 
females (EFSA, 2015a) 
DRI established as Recommended Dietary Allowance for Vitamin D is 15.0 ug·d-1 for young and adults (IOM, 
2011). 
DRV established as Population Reference Intakes (PRIs) for Vitamin A is 750 µg retinol·d-1 for men and 650 µg 
retinol·d-1 for women (EFSA, 2015b). 
DAI for EPA+DHA is 500 mg·d-1 for primary prevention of cardiovascular disease in adults (International Society 
for the Study of Fatty Acids and Lipids [ISSFAL], 2004), corresponding to a weekly intake of 3.5g of EPA+DHA. 
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Sensory Evaluation 

Sensory evaluation was carried out in an acclimatized room equipped with individual booths. 

To reduce the variability within the fillets, the parts close to the head and the tail were 

rejected. Each skin-on fillet was individually wrapped with aluminium foil to avoid odour 

losses and cooked for 6 min at 100 ºC in a saturated steam oven (Rational Combi-Master 

CM6 Cross KuchentechnikCmbH, Landsberg, Germany). A multisample difference test was 

conducted (Meilgaard et al., 1999) using a sensory panel composed by ten trained panellists. 

Cooked fillets were presented to the panellists sequentially in coded white dishes under 

normal white lighting. Each panellist received the four samples in a balanced random order 

and rated the intensity of sensory attributes on a 9-point scale ranging from absent (0) to 

very intense (8 points). The attributes selected were the odour, taste and texture (firmness 

and succulence).  

 

Statistical analysis 

Growth performance and iodine deposition data are expressed as means of two replicates ± 

standard deviation. Data were subjected to a one-way analysis of variance. Parameters 

expressed as percentages were subjected to arcsin square root transformation. Sensory data 

were analysed by one-way analysis of variance followed by the Dunnet Test to evaluate the 

differences between tested samples and the blind-control. Culinary treatment data was 

analysed with Student’s T-test. Statistical significance was tested at 0.05 probability level. All 

statistical tests were performed using the SPSS software (v22, IBM, USA). 

 

Results  

At the end of the trial, fish reached a final body weight ranging from 335 to 350 g and both 

Laminaria and selenised yeast supplemented feeds led to a significant increase (P=0.020) of 

final body weight (table 3.6). Feed intake was not affected by the various dietary treatments 

(P=0.168). FCR was highest in fish the CTRL diet and significantly reduced in those fed diets 

supplemented with Laminaria and selenised yeast (P=0.004). Moreover, fish fed the diets 

supplemented with selenised yeast (SE and LAMSE) presented lower FCR than those fed diet 
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LAM. The whole-body composition of fish, in terms of moisture, protein, fat and ash, was not 

affected by the dietary treatments (P>0.05) (table 3.6).  

 

Table 3.6. Growth performance and whole-body composition of fish. 

  CTRL LAM SE LAMSE P - Value 

IBW1, g  237.5 ± 1.2 238.1 ± 1.5 239.6 ± 0.6 237.3 ± 2.7  
FBW2, g  334.9 ± 0.2a 343.4 ± 0.8b 349.0 ± 4.1b 349.6 ± 3.9b 0.020 
VFI3  0.45 ± 0.01 0.44 ± 0.00 0.42 ± 0.01 0.44 ± 0.01 0.168 
SGR4, %·d-1  0.38 ± 0.00 0.40 ± 0.00 0.41 ± 0.02 0.43 ± 0.00 0.062 
FCR5  1.20 ± 0.02a 1.12 ± 0.01b 1.03 ± 0.02c 1.04 ± 0.02c 0.004 
       
Whole -body composition Initial      

Moisture, % ww 74.7 70.5 ± 0.2 70.9 ± 0.1 70.6 ± 0.3 70.5 ± 0.1 0.172 
Protein, % ww 14.1 16.7 ± 0.1 16.8 ± 0.1 16.9 ± 0.2 17.1 ± 0.1 0.172 
Fat, % ww 8.2 9.6 ± 0.2 9.4 ± 0.0 9.6 ± 0.1 9.7 ± 0.2 0.400 
Ash, % ww 2.7 2.9 ± 0.0 2.9 ± 0.1 2.7 ± 0.1 2.8 ± 0.1 0.271 
Energy, kJ·g-1 ww 6.18 7.89 ± 0.1 7.74 ± 0.1 7.60 ± 0.1 7.51 ± 0.0  

Values are means ± standard deviation (n=2). Absence of superscript letters within a row represent no significant 
differences between treatments (P>0.05).   
1 Initial mean body weight. 
2 Final mean body weight. 
3 Feed intake: crude feed intake / (IBW + FBW) / 2 / 91 days. 
4 Specific growth rate: (Ln FBW – Ln IBW) x 100 /91 days. 
5 Feed conversion ratio: dry feed intake / wet weight gain. 

 

Dietary fortification strategies led to a significant increase (P<0.001) of iodine and selenium 

content in rainbow trout fillets (table 3.7). Trout fed Laminaria digitata supplemented diets 

showed a significant increase (P<0.001) of their fillet iodine content (0.12 mg·kg-1), 

representing a six-fold increase over the iodine levels found in the CTRL treatment (0.02 

mg·kg-1). Similarly, trout fed with selenium-enriched yeast resulted in a significant 2.9-fold 

increase in muscle selenium content (0.43 mg·kg-1), when compared to the selenium level in 

the CTRL treatment (0.15 mg·kg-1). The concomitant supplementation of Laminaria 

macroalgae and selenium-enriched yeast (LAMSE diet) significantly increased both selenium 

and iodine levels in trout muscle, to similar levels as those found with individual 

supplementation strategies. The dietary inclusion of Laminaria macroalgae and selenium-

enriched yeast had no effect (P>0.05) on the fillet content of other minerals (iron, zinc, 

potassium and magnesium) and vitamins A and D3. 
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Table 3.7. Vitamins and minerals content in rainbow trout fillets fed the various 
experimental diets and nutritional contribution as % of Daily Recommended Intakes (DRV). 

 CTRL LAM SE LAMSE 

Iodine, mg·kg-1 0.02 ± 0.01a 0.12  ± 0.01b 0.02  ± 0.00a 0.12  ± 0.00b 
Selenium, mg·kg-1 0.15 ± 0.01a 0.14 ± 0.01a 0.43 ± 0.01b 0.43 ± 0.02b 
Iron, mg·kg-1 4.0 ± 0.1 4.0 ± 0.3 4.1 ± 0.0 4.1 ± 0.2 
Zinc, mg·kg-1 3.3 ± 0.1 3.3 ± 0.1 3.3 ± 0.0 3.3 ± 0.1 
Potassium, g·kg-1 4.9 ± 0.0 4.9 ± 0.2 4.8 ± 0.1 4.8 ± 0.1 
Magnesium, mg·kg-1 298.5 ± 6.4 298.5 ± 14.8 313.5 ± 16.3 288.5 ± 13.4 
Vitamin D3, ug·kg-1 122.8 ± 5.1 119.8 ± 7.2 121.5 ± 1.1 118.7 ± 4.9 
Vitamin A, ug·kg-1 139.0 ± 5.7 142.0 ± 2.8 137.5 ± 2.1 140.5 ± 3.5 
             
Nutritional contribution     

% DRI1,2 Female Male Female Male Female Male Female Male 
Iodine 2.5 12.5 2.1 12.4 
Selenium 33.8 31.8 98.3 97.8 
Potassium 16.5 16.7 16.3 16.2 
Iron       3.6    8.0      3.6    8.0      3.6    8.2      3.6    8.1 
Zinc       5.1    4.0      5.2    4.1      5.2    4.1      5.1    4.0 
Magnesium     15.9  13.6    15.9  13.6    16.7  14.3     15.4  13.2 
Vitamin D3 131.0 127.8 129.6 126.6 
Vitamin A       3.4     3.0      3.5     3.0      3.4     2.9      3.5    3.0 

Values are means ± standard deviation (n=2). Each replicate sample was a pool of three fillets. Different 
superscripts within rows represent significant differences between treatments (P<0.05).   
1 For definition of DRV calculations refer to materials and methods section. 
2 DRV calculations considered gender differences on recommendations. 

 

The nutritional contribution (NC) of trout fillets to cover the DRV of selected minerals and 

vitamins A and D3 in adults’ female and male is presented in table 3.7. The consumption of a 

160 g portion of a CTRL trout fillet represented 2.5% and 33.8% of the DRV for iodine and 

selenium, respectively. Fillets of trout fed the iodine-rich macroalgae (LAM and LAMSE) 

covered 12.5% of iodine DRV, while those resulting from trout fed with selenised yeast 

accounted for 98% of selenium DRV. Although not affected by dietary treatments, vitamin 

D3 content in trout fillets was high (119-123 µg·kg-1), and a 160 g meal covered 127-131% of 

DRV. The nutritional contribution of all other nutrients (Fe, Zn, K, Mg, vitamin A) was not 

affected by dietary treatments.  

 

The summarised fatty acid contents of trout fillets are presented in table 3.8. Dietary 

incorporation of iodine-rich macroalgae and selenised yeast did not affect (P>0.05) the fillet 

profile in saturated (SFA), monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids. 
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Consequently, total levels of n-3 and n-6 fatty acids, its ratio and both thrombogenic (TI) and 

atherogenic (AI) indexes were also not affected by dietary treatments (P>0.05). The 

consumption of a 160 g portion of trout fillet, twice a week, represented 85-91% of the 

Weekly Adequate Intake (WAI) of combined EPA and DHA for the primary prevention of 

cardiovascular disease in adults. 

 

Table 3.8. Summarised fatty acids content of fillets 

Fatty acids1 Experimental treatments  

(mg·100 g-1 fillet) CTRL LAM SE LAMSE P value 

Total SFA2 1537 ± 73 1403 ± 78 1479 ± 151 1576 ± 92 NS 
Total MUFA3 1753 ± 1 1625 ± 68 1648 ± 315 1748 ± 189 NS 
      
C18:2 n-6 393 ± 31 375 ± 35 357 ± 59 382 ± 44 NS 
C18:3 n-3 57 ± 2 56 ± 6 54 ± 10 56 ± 6 NS 
C18:4 n-3 79 ± 3 80 ± 7 81 ± 17 81 ± 7 NS 
C20:4 n-6 32 ± 1 32 ± 0 31 ± 5 31 ± 1 NS 
C20:4 n-3 39 ± 0 35 ± 4 36 ± 6 39 ± 4 NS 
C20:5 n-3 [EPA]4 275 ± 20 291 ± 5 268 ± 50 264 ± 1 NS 
C22:5 n-3 80 ± 10 83 ± 9 75 ± 17 78 ± 4 NS 
C22:6 n-3 [DHA]4 684 ± 54 704 ± 41 676 ± 117 670 ± 26 NS 
Total PUFA5 1805 ± 66 1815 ± 4 1730 ± 324 1779 ± 98 NS 
      
Total PUFA n-3 1259 ± 90 1294 ± 38 1235 ± 229 1235 ± 48 NS 
Total PUFA n-6 463 ± 30 443 ± 34 423 ± 71 460 ± 43 NS 
PUFA n-3/n-6 2.72 ± 0.37 2.93 ± 0.31 2.92 ± 0.05 2.69 ± 0.15 NS 
EPA + DHA 959 ± 74 995 ± 36 944 ± 167 934 ± 27 NS 
      
AI6 0.614  0.559 0.608 0.643  
TI7 0.291 0.263 0.291 0.304  
      
Nutritional contribution, % DAI8    
EPA + DHA 307 318 302 299  

Values are means ± standard deviation (n=2). Each replicate sample was a pool of three fillets. 
1 Despite not shown in this summarised format, all identified fatty acids were considered in the composite 
fractions. 
2 SFA: Saturated fatty acids. 
3 MUFA: Monounsaturated fatty acids. 
4 EPA (C20:5n-3) and DHA (C22:6n-3). 
5 PUFA: Polyunsaturated fatty acids. 
6 AI: Atherogenic Index. 
7 TI: Thrombogenic Index. 
8 For calculation of Nutritional Contribution refer to materials and methods section. 

 

Organoleptic properties of steamed cooked trout fillets were not affected by the dietary 

inclusion of Laminaria and selenised yeast (P>0.05) (fig. 3.3). Sensory panel rated typical 
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odour as slight to moderate (evenly rated between treatments) and typical taste as moderate 

(with higher tendency in both Laminaria groups) to intense (with higher tendency in CTRL 

and SE groups).  Additionally, non-typical odour and non-typical taste were mainly classified 

as absent. Concerning texture-related criteria, succulence was scored as slight to moderate 

and firmness as moderate to intense.  

 

 

Figure 3.3. Sensory analysis of steam-cooked trout fillets supplemented with macroalgae 
and selenised-yeast.  
Data represent average values for each measured organoleptic property. 

 

Discussion 

Fish are a rich source of vitamin D, iodine, selenium and n-3 LCPUFA. Nevertheless, their 

contents in seafood are extremely variable, not only among species but also between 

individuals of the same species (EFSA, 2014a). Although subjected to high variability, wild fish 

generally present higher iodine and selenium levels than farmed counterparts (Julshamn et 

al., 2001; Maage et al., 1991). The current trend for replacing marine-derived ingredients by 

plant feedstuffs in fish diets may accentuate such differences and consequently change 

consumer expected intakes of health valuable nutrients. Moreover, it is known that fish feeds 

do not make full use of the maximum approved levels for iodine and selenium (EFSA, 2005). 

Therefore, dietary supplementation strategies can be used as tools to enhance the iodine 
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and selenium content in fish fillets, to convey benefits beyond fulfilling the basic nutritional 

needs of the animal, namely in terms of its nutritional value to consumers. 

 

Selenium levels in human populations are generally influenced by geographical region, due 

to soil content of selenium, seasonal changes, protein content and food processing (Navarro-

Alarcon and Cabrera-Vique, 2008). A recent systematic data review indicate that Se intake 

and status is suboptimal in most European and Middle Eastern countries (Stoffaneller and 

Morse, 2015). Potential approaches for enhancing human Se status comprise selenium soil 

fertilization; animal feed and food fortification; and intake of single supplements. In our 

study, an increase of current feed selenium level (0.25 mg selenium·kg-1) to maximum 

approved levels in the European market (0.5 mg selenium·kg-1) with a selenised-yeast led to 

a 2.9-fold increase for selenium contents in trout fillets. Although variable in the magnitude 

of selenium deposition, previous studies have also reported the successful Se fortification of 

fish fillets (Hunt et al., 2011; Kuçukbay et al., 2009; Pacitti et al., 2015; Rodríguez and Rojas, 

2014). The utilization of organic Se sources, as selenised-yeast, is also advantageous, since 

organic bound selenium was found to be a higher bioavailable form of Se when compared to 

inorganic sources in rainbow trout fortification studies (Kuçukbay et al., 2009; Rider et al., 

2009). The daily nutritional contribution of a 160 g fillet portion was raised from 34% to 98% 

in the case of selenium fortified trout, considering a daily adequate intake for Se of 70 μg, as 

recently set by EFSA (2014c). Concerning the beneficial effects for human health, high 

selenium bioavailability was reported from fish and shellfish food items (Moreda-Piñeiro, 

Moreda-Piñeiro and Bermejo-Barrera, 2015). One main achievement of our study was to 

establish the dietary use of selenised-yeast as an effective and natural strategy to fortify 

rainbow fillets in selenium.  

 

Iodine deficiency is the world's greatest single cause of preventable brain damage, and this 

fact is the primary motivation behind the current worldwide drive to eliminate iodine 

deficiency (WHO et al., 2007). Deficiency is largely the result of inadequate iodine intake 

rather than poor absorption. The primary strategy for iodine supplementation relies on salt 
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iodization. However, with the implementation of salt intake reduction programmes makes 

this strategy less effective and alternatives are required. In our study, trout fed diets 

supplemented with Laminaria digitata, showed a significant increase of their fillet iodine 

content, representing a six-fold increase over the iodine levels found in the regular fed trout. 

Dietary macroalgae have been successfully used to achieve higher iodine contents in rainbow 

trout (Valente et al., 2015), chars (Schmid et al., 2003) and gilthead seabream (Ramalho 

Ribeiro et al., 2015). Several of these studies report higher iodine fillet contents than the 

ones observed in the present trial. This variation is probably due to the different macroalgae 

used, dietary iodine levels tested, and fish species considered. As described for other 

minerals, iodide (I-) the predominant iodine species in macroalgae is reported to have a 

higher bioavailability compared to other inorganic compounds improving digestibility, 

absorption and retention in fish (Doucha et al., 2009; Cotter et al., 2009; Kouba et al., 2014). 

Trout subjected to our iodine fortification strategy, implemented within the maximum 

allowed levels (20 mg·kg-1) in fish feeds, covered 12.5% of the daily adequate intake for 

adults, with a 160g portion, considering a daily adequate intake for iodine of 150 μg. 

Literature data on the bioavailability of iodine from fish is limited. Nevertheless, good 

evidence exist that iodine accumulates in fish muscle in an inorganic and therefore a 

complete absorption after ingestion by humans is assumed (Hurrel, 1997). A work performed 

by Schmid et al. (2003) reported high bioavailability of iodine from L. digitata enriched chars 

in a trial with 14 volunteers, although potential cooking losses were not assessed stalling an 

accurate absorption measurement.  

 

In most European countries, there seems to be a shortfall in achieving current vitamin D 

recommendations, particularly in older institutionalised adults and in some ethnic groups 

(Cashman et al., 2011). Vitamin D status is highly dependent on several factors like diet, 

sunlight exposure and lifestyle. Fish are among the richest sources of vitamin D, available as 

the D3 chemical form (Schmid and Walther, 2013). Moreover, vitamin D3 shows a higher 

efficacy to raise serum 25-hydroxycholecalciferol (25(OH)D) concentrations than vitamin D2 
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(Cashman et al., 2011). Despite not being the target of our fortification strategy, trout fillets 

fed the various experimental diets showed high vitamin D3 levels (119-123 µg·kg-1). 

 

In our study the main source of dietary lipids was marine fish oil and it remained unchanged 

among the various diets. Also, Laminaria and selenised yeast had no interference on muscle 

fatty acids profile. Therefore, the combined content of EPA and DHA (0.96 ± 0.08 g·100 g−1 

fresh fillet) and PUFA n−3/n−6 ratio (2.82 ± 0.22) in raw fillets was relatively constant among 

the various treatments. The consumption of a 160 g portion of trout fillets, twice a week, 

represented, on average, 88 % of EPA and DHA combined Adequate Intake, as recommended 

for primary prevention of cardiovascular disease in adults (ISSFAL, 2004). Similarly, the fillet 

content of all other measured minerals (Fe, Zn, K, and Mg) and vitamin A remained 

unaffected by the dietary supplementation strategies. The nutritional contribution of trout 

fillets evaluated according to the established recommended values for adults, and if 

applicable for men and women distinctively, shows that a portion of 160 g of fillet of any test 

group contributed to the daily adequate intake for potassium (16%), magnesium (14% men; 

16% women), iron (8% men; 4% women), zinc (4% men; 5% women) and vitamin A (3%). 

Most dietary guidelines convey the message that health benefits associated to a given 

nutrient are generally stronger when derived from a whole food matrix, as part of a 

synergistic dietary pattern, rather than its supply as a single supplement. Under this scenario, 

tailoring farmed fish with health beneficial compounds is becoming particularly important 

owed to the role of seafood as part of a healthy food pattern (EFSA, 2014a). Also, of 

importance is the fact that the fortified trout fillets could be promoted in the functional foods 

market. According to EC 1924/2006 regulation, in the European market, a food item can be 

labelled as “source of selenium” if it supplies 15% of the DRV in 100 g of product and “high 

in selenium” in case of containing at least twice this value (30% of selenium DRV). Under this 

definition, the selenium supplemented fillets produced in our trial could be labelled with a 

nutrition claim like “high source of selenium” since it supplies 43 μg selenium∙100 g−1 (61% 

of DRV). Similarly, all produced fillets could be labelled as “high source of vitamin D3”, since 
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on average they provide 80.5% of RDI in 100 g of food item. Therefore, these food items 

could be considered as functional foods (EFSA, 2009b; EFSA, 2015c).  

 

In spite of actual consumer request for healthy food, there is also awareness about the 

natural sensory properties of food items (Verbeke, 2005). Thus, a nutritional fortification of 

food should avoid any negative effects on the sensory traits. In the current trial, dietary 

supplementation with selenised yeast and/or iodine-rich macroalgae did not alter 

organoleptic characteristics of steamed cooked trout fillets. Typical taste and typical odour, 

usually determinant traits for consumers’ acceptance, were found similar between all dietary 

treatments. Also, fillets texture, assessed as firmness and succulence, was not affected by 

experimental diets. Previous studies also showed that dietary fortification with macroalgae 

did not alter sensorial traits in trout (Valente et al., 2015) and seabream (Ramalho Ribeiro et 

al., 2015). However, channel catfish fed a diet supplemented with Se-enriched garlic, flavour 

traits were significantly altered, although the effect was attributed to the garlic odour and 

flavour (Schram et al., 2010).  

 

Acceptance of a novel or enriched food product is largely dependent on its positive health 

and natural image (Dickson-Spillmann et al., 2011). The use of synthetic or non-naturally 

occurring supplements may undermine consumer perception of enriched food products. 

Consumers often perceive natural additives as inherently better and healthy, while artificial 

chemicals in food are associated with higher risk perception (Dickson-Spillmann et al., 2011). 

A consumer survey performed in Germany, UK and Italy showed a general high acceptance 

for foods with seaweed ingredients (Buehrlen et al., 2005). Brown macroalgae, such as 

Laminaria digitata, although perceived as a natural product and a rich source of health 

valuable nutrients (e.g. iodine), may also contain elevated levels of some toxic metals such 

as arsenic (As) and cadmium (Cd), which may limit their use as food and feed ingredients.  In 

order to protect animals, the consumer and the environment, the European feed legislation 

(Commission Directive 2002/32/EC and amended by Commission Regulation EU 1275/2013), 

has set maximum permitted levels for a range of undesirable substances in feed materials 
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and complete compound feeds. Currently, the maximum total arsenic level in feed materials 

from seaweed and products thereof is 40 mg∙kg-1 (or 2 mg∙kg-1 of inorganic arsenic) and the 

maximum total arsenic level in complete fish feeds is 10 mg∙kg-1. For cadmium, the current 

maximum permitted level in both feed materials of vegetable origin and complete fish feed 

is 1 mg∙kg-1. A recent study assessed the potential risks of macroalgae harvested in 

Norwegian waters when used as feed materials and food for animals and humans (Duinker, 

et al., 2016). Their data showed that several macroalgae species, and particularly brown 

algae, exceeded the current maximum permitted levels of Cd and As, clearly limiting their 

use as ingredients in animals’ feeds, including fish.  However, the high variability on As and 

Cd levels associated to the geographical origin of the macroalgae and the lower toxicity of 

organic As forms generally occurring in these marine-derived products are aspects that 

require further studies to fully elucidate the potential risks associated to their use. 

 

In conclusion, rainbow trout fillets may be successfully tailored to improve its nutritional 

value conveying an added value for consumers’ diets. The supplementation of a traditional 

trout feed with macroalgae (Laminaria digitata) and selenised yeast significantly enhanced 

the daily nutritional contribution in iodine and selenium, while vitamin D3 and n-3 LCPUFA 

were also present at high levels. Moreover, the use of natural sources of trace elements, 

replacing inorganic mineral salts in fish feeds, fits a broader concept of sustainable, chemical-

free farming, which is highly appealing to consumers. 
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Biofortification of trout and seabream fillets with vitamin D3 and 25-

hydroxyvitamin D enhances the nutritional value of farmed fish 

 

 

Abstract   

Oily fish are regarded as one of richest dietary sources of vitamin D, mainly available in the 

form of cholecalciferol (vitamin D3). Exogenous feeding in aquaculture opens the possibility 

to tailor fish composition in terms of its content of health valuable nutrients, such as 

liposoluble vitamin D3. Two trials were performed with rainbow trout (IBW: 240 g) and 

gilthead seabream (191 g) to assess the effects of the dietary biofortification of gilthead 

seabream and rainbow trout with vitamin D3 and 25-hydroxyvitamin D on the growth 

performance, vitamin D3 deposition in fillets, sensory quality traits and nutritional 

contribution. Each trial comprised three dietary treatments: a control diet (CTRL), mimicking 

a commercial formulation for the species and containing vitamin D3 supplied as 

cholecalciferol, at levels of 42 µg·kg-1 and 31 µg·kg-1 for trout and seabream, respectively. 

Based on this control formulation, two other diets were supplemented to a target level of 75 

µg·kg-1 of either cholecalciferol (diet D3) or 25-hydroxyvitamin D (diet HyD). At the end of 

the experimental feeding period, the invrease of dietary vitamin D3 and 25-hydroxyvitamin 

D levels had no effect (P>0.05) on weight gain, feed intake, feed conversion ratio and whole-

body composition of both trout and seabream. Fillet content on vitamin D3 was not affected 

by dietary treatments (P>0.05). Despite not statistically significant, the absolute vitamin D3 

content in the fillets of seabream fed diets D3 and HyD was higher than that of fish fed the 

CTRL diet. For seabream, a meal portion of 160 g presented a nutritional contribution for 

vitamin D3 of 46, 55 and 60% of dietary reference value (DRV) for the CTRL, HyD and D3, 

respectively. In trout, a meal portion of 160 g presented a nutritional contribution for vitamin 

D3 of 109, 98 and 129% of DRV for the CTRL, D3 and HyD, respectively. Vitamin D3 and 25-

hydroxyvitamin D supplementation did not affect the typical taste of steamed cooked trout 

and seabream fillets, as assessed by a trained panel (P>0.05). Overall data shows that feed 
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supplementation with vitamin D3, within the maximum permitted levels in fish feeds, 

enhances the nutritional contribution of farmed fish and contributes towards an increase of 

the vitamin D3 intake in general populations. 

Keywords: Rainbow trout; Gilthead seabream; vitamin D3; 25-hydroxyvitamin D; 

Biofortification 

 

 

Introduction  

Recent studies confirm the prevalence of low vitamin D intakes and vitamin D deficiency or 

inadequate vitamin D status in several segments of the European population (Spiro and 

Buttriss, 2014; Cashman et al., 2016). Although there are some areas of debate in relation to 

vitamin D requirements and the impact of vitamin D intake and status on many aspects of 

human health, there is a general agreement that prevention of vitamin D deficiency is a 

public health priority (WHO, 2015). Food fortification represents an opportunity to increase 

the vitamin D supply on a population-wide basis (Spiro and Buttriss, 2014; Cashman, 2015). 

In traditional fortification, exogenous vitamin D is added to the foodstuffs when they are 

being processed (milk and dairy products, margarines and spreads, some breakfast cereals 

and fruit juices). However, the concept of biofortified foods with vitamin D is gaining 

momentum, since it may increase other metabolites of vitamin D which would boost the 

overall relative effectiveness of these foods in raising vitamin D status (Cashman, 2015). The 

selection of foods suitable for fortification and biofortification must comply with several 

conditions such as widely available; accessible to all age ranges within a population; 

affordable and be part of a healthy dietary pattern (WHO and FAO, 2006). This vitamin D 

biofortification approach relies on the fact that by adding vitamin D or 25-hydroxyvitamin D 

(where permissible) to farmed animals feeds (such as fish, beef, pork, lamb, chicken, and 

products thereof eggs and milk) their contents on these compounds could increase. Several 

studies have now demonstrated the efficacy of this vitamin D biofortification approach in 

livestock (Cashman et al., 2015; Jakobsen et al. 2007; Mattila et al., 2003; Mattila et al., 2011; 

Montgomery et al., 2004; Swigert et al., 2004; Yao et al., 2013; Wilborn et al., 2004). 
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Exogenous feeding in aquaculture unlocks the possibility to tailor fish composition in terms 

of its content of health valuable nutrients. Fish quality traits such as fatty acid composition 

and concentration of several trace nutrients are known to be influenced by diet composition. 

Several biofortification studies have demonstrated that feed supplementation can effectively 

tailor the composition of fish fillets in terms of bioactive fatty acids (Kennedy et al., 2007b; 

Ramos et al., 2008), selenium (Lorentzen et al., 1994; Schram et al., 2010) and iodine 

(Julshamn et al., 2006; Ramalho Ribeiro et al., 2015; Valente et al., 2015). Although being 

one of the more relevant natural sources of vitamin D3, data on the efficacy of dietary vitamin 

D3 biofortification in fish is extremely scarce (Horvli et al., 1998; Mattila et al., 1999; Lock et 

al. 2010). 

Within this general context, two trials were performed with rainbow trout and gilthead 

seabream, two of the most consumed fish species in Europe, to assess the effect of vitamin 

D3 (cholecalciferol) and 25-hydroxyvitamin D dietary supplementation, on the growth 

performance, vitamin D3 deposition in muscle, sensory quality traits and fillets nutritional 

contribution. 

 

Material and methods  

Experimental diets 

Each trial, with rainbow trout and gilthead seabream, comprised three experimental diets 

(Table 4.1). A control diet (CTRL), mimicking a commercial formulation contained vitamin D3 

(cholecalciferol), at levels of 42 µg·kg-1 and 31 µg·kg-1 for trout and seabream, respectively. 

Based on this control formulation, two other diets were manufactured to a target level of 75 

µg·kg-1 of vitamin D3, supplied either as cholecalciferol (diet D3) or as 25-hydroxyvitamin D 

(diet HyD). The upper limit of vitamin D3 supplementation was set at 75 µg vitamin D3 per kg 

feed (3000 IU∙kg-1), to comply with the current maximum permitted levels in fish feeds (EC, 

2017). For supplementation purposes, 1 IU (international unit) of 25-hydroxyvitamin D was 

assumed equivalent to 1 IU vitamin D3. Experimental diets were manufactured by extrusion 

(SPAROS Lda, Portugal). Vitamin D forms (cholecalciferol and 25-hydroxyvitamin D) were 
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blended with the oils and applied post-extrusion to the pellets by vacuum coating (PG-

10VCLAB, Dinnissen, The Netherlands). Throughout the duration of the trial, experimental 

feeds were stored at room temperature, but in a cool and aerated emplacement. Samples of 

each diet were taken for proximate composition and vitamin D3 analysis (Table 4.1). Within 

each species, diets were isonitrogenous, isolipidic and isoenergetic. 

 

Table 4.1. Ingredients and proximate composition of experimental diets. 

Ingredients, g·kg-1 CTRL BREAM 
 

Ingredients, g·kg-1 
CTRL 

TROUT  

Fishmeal LT 701 125.00  Fishmeal LT 701 175.00 
Porcine blood meal2 50.00  Soy protein concentrate3 160.00 
Soy protein concentrate3 130.00  Wheat gluten4 100.00 
Wheat gluten4 55.00  Corn gluten5 100.00 
Corn gluten5 60.00  Soybean meal 486 50.00 
Soybean meal 486 100.00  Rice protein concentrate7 50.00 
Rice protein concentrate7 60.00  Wheat meal10 128.80 
Rapeseed meal8 50.00  Fish oil11 195.00 
Sunflower meal9 30.00  Vitamin and mineral premix14 2.00 
Wheat meal10 137.20  Vitamin C15 0.30 
Fish oil11 120.00  Vitamin E16 0.50 
Rapeseed oil12 35.00  Soy lecithin17 2.00 
Linseed oil13 5.00  Guar gum18 4.00 
Vitamin and mineral premix14 2.00  Zeolite19 10.00 
Vitamin C15 0.30  Antioxidant20 2.00 
Vitamin E16 0.50  Dicalcium phosphate21 11.40 
Soy lecithin17 2.00  L-Lysine22 7.00 
Guar gum18 4.00  DL-Methionine23 2.00 
Zeolite19 10.00    
Antioxidant20 2.00    
Dicalcium phosphate21 7.00    
L-Lysine22 10.00    
DL-Methionine23 5.00    
     
   CTRL D3 HyD 

Rainbow trout      

Dry matter (DM), %   95.2 ± 0.1 95.2 ± 0.2 95.3 ± 0.2 
Crude protein, %DM   42.7 ± 0.1 42.7 ± 0.2 42.7 ± 0.1 
Crude fat, %DM   23.3 ± 0.1 23.3 ± 0.1 23.4 ± 0.1 
Ash, %DM   8.5 ± 0.0 8.3 ± 0.0 8.4 ± 0.0 
Gross energy, MJ·kg-1 DM   23.5 ± 0.1 23.6 ± 0.1 23.5 ± 0.0 
Total phosphorus, %DM   1.1 ± 0.0 1.1 ± 0.0 1.2 ± 0.0 
Vitamin D3, µg·kg-1 DM   42.0 ± 2.1 75.0 ± 0.5 74.4 ± 0.6 
      
Gilthead seabream      

Dry matter (DM), %   94.5 ± 0.1 94.2 ± 0.1 94.6 ± 0.1 
Crude protein, %DM   42.6 ± 0.1 42.5 ± 0.0 42.6 ± 0.1 
Crude fat, %DM   18.5 ± 0.2 18.5 ± 0.1 18.6 ± 0.1 
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Ash, %DM   9.6 ± 0.1 9.7 ± 0.1 9.6 ± 0.0 
Gross energy, MJ·kg-1 DM   20.9 ± 0.0 20.9 ± 0.0 20.9 ± 0.0 
Total phosphorus, %DM   1.2 ± 0.0 1.2 ± 0.0 1.2 ± 0.0 
Vitamin D3, µg·kg-1 DM   30.9 ± 0.5 77.4 ± 1.4 76.8 ± 1.2 

1 Peruvian fishmeal LT: 71% crude protein (CP), 11% crude fat (CF), EXALMAR, Peru. 2 Pork blood meal: 89% CP, 
0.4% CF, SONAC, The Netherlands. 3 Soycomil P: 65% CP, 0.8% CF, ADM, The Netherlands. 4VITEN: 85.7% CP, 
1.3% CF, ROQUETTE, France. 5Corn gluten meal: 61% CP, 6% CF, COPAM, Portugal. 6Solvent extracted dehulled 
soybean meal: 47% CP, 2.6% CF, SORGAL SA, Portugal. 7Rice 50: 48.3%CP, 6.5% CF, SEAH International, France. 
8Defatted rapeseed meal: 34% CP, 2% CF, SORGAL SA, Portugal. 9Sunflower meal: 23% CP, 3% CF, PREMIX Lda, 
Portugal; 10Wheat meal: 10.2% CP; 1.2% CF, Casa Lanchinha, Portugal. 11COPPENS International, The 
Netherlands. 12JC Coimbra, Portugal. 13Henry Lamotte Oils GmbH, Germany. 14Premix for marine fish, PREMIX 
Lda, Portugal. Vitamins (IU or mg/kg diet): DL-alpha tocopherol acetate, 100 mg; sodium menadione bisulphate, 
25mg; retinyl acetate, 20000 IU; DL-cholecalciferol, 2000 IU; thiamin, 30mg; riboflavin, 30mg; pyridoxine, 20mg; 
cyanocobalamin, 0.1mg; nicotinic acid, 200mg; folic acid, 15mg; ascorbic acid, 1000mg; inositol, 500mg; biotin, 
3mg; calcium panthotenate, 100mg; choline chloride, 1000mg; betaine, 500mg. Minerals (g or mg/kg diet): 
cobalt carbonate, 0.65mg; copper sulphate, 9mg; ferric sulphate, 6mg; potassium iodide, 0.5mg; manganese 
oxide, 9.6mg; sodium selenite, 0.01mg; zinc sulphate,7.5mg; sodium chloride, 400mg; calcium carbonate, 1.86g; 
excipient wheat middlings. 15Vitamin C35% (sodium calcium ascorbyl phosphate), ORFFA, The Netherlands. 
16Vitamin E 50% (all-rac-alpha-tocopheryl acetate), ORFFA, The Netherlands. 17Lecico P700IPM, LECICO GmbH, 
Germany. 18Seah International, France. 19Kielseguhr, LIGRANA GmbH, Germany. 20Paramega PX, Kemin Europe 
NV, Belgium. 21Dicalcium phosphate: 18% phosphorus, 23% calcium, Fosfitalia, Italy.  22Biolys 54.6%, EVONIK 
Nutrition & Care GmbH, Germany. 23DL-METHIONINE FOR AQUACULTURE 99%, EVONIK Nutrition & Care GmbH, 
Germany. 

 

Feeding trials 

The trial with rainbow trout was conducted at the Experimental Research Station of 

University of Trás-os-Montes e Alto Douro (UTAD, Vila Real, Portugal), while the trial with 

gilthead seabream took place at the Experimental Research Station of the University of 

Algarve (UALG, Faro, Portugal). Experiments were directed by trained scientists (following 

category C FELASA recommendations) and in compliance with the European (Directive 

2010/63/EU) and Portuguese (Decreto-Lei nº. 113/2013, de 7 de Agosto) legislation on the 

protection of animals for scientific purposes. Both experimental facilities and their staff are 

certified to house and conduct experiments with live animals ('group-1' license by the 

'Direção Geral de Veterinária', Ministry of Agriculture, Rural Development and Fisheries of 

Portugal). 

 

SEABREAM TRIAL 

Nine homogenous groups of 51 seabream each, with a mean initial body weight of 191 g 

were stocked in 1000 L circular tanks. Each experimental treatment was tested in triplicate 

tanks over 84 days. Rearing tanks were supplied with flow-through gravel-filtered and 
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aerated seawater (salinity: 35 parts per thousand; temperature: 22–27 °C; dissolved oxygen 

above 6.9 ±1.1 mg·L−1) and subjected to natural photoperiod changes through summer 

conditions. Fish were fed to apparent satiety, by hand, twice a day (09.30 and 16.00h) during 

week days, once a day in Saturdays and unfed on Sundays. Excess feeding was minimized, 

and feed intake was quantified throughout the trial. At the end of the feeding period, fish 

were bulk weighted by tank for the assessment of growth performance criteria. 

 

TROUT TRIAL 

Nine homogenous groups of 32 trout each, with a mean initial body weight of 240 g were 

stocked in 1000 L tanks. Each experimental treatment was tested in triplicate tanks over 91 

days. Rearing tanks were supplied with flow-through filtered and aerated freshwater 

(temperature: 13-15 °C; dissolved oxygen above 7.2 ± 1.1 mg·L−1) and subjected to natural 

photoperiod changes during spring conditions. Feeding regime and fish weighing was 

identical to the one previously described for seabream. 

 

Sampling 

All samplings were done 48 h following the last meal. Fish were slaughtered by immersion in 

ice–water slurry (4:1) as normally done in commercial farms. At start (six fish from the initial 

stock) and at the end of the trial, six fish from each tank were sampled for analysis of whole-

body composition. At the end of the trial, skinless right fillets were collected from 4 fish per 

tank, an identical section of the dorsal muscle isolated and stored at -80°C for analysis of 

vitamin D3 and 25-hydroxyvitamin D content. Skinless left fillets from the same fish were used 

for analysis of proximate composition, fatty acids, vitamin A and minerals (Fe, Zn, I, Se, K, Mg) 

content. For sensory analysis, after slaughter, fish from each treatment were packed in 

insulated polystyrene boxes, with the ventral side upward, covered with flaked ice and 

immediately transported to the laboratory. Fish from each treatment were scaled and 

filleted 24 h after death. Right fillets were kept at 4°C overnight until sensory assessment. 
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Analytical methods 

Diets were grinded prior to analysis of proximate composition. Frozen whole-body samples 

and fillets were minced, mixed, a representative sample freeze-dried and homogenized with 

a laboratory mill prior to analysis. The chemical composition analysis of diets and whole-fish 

was made using the following procedures: dry matter after drying at 105ºC for 24 h; ash by 

combustion at 550ºC for 12 h; crude protein (N×6.25) by a flash combustion technique 

followed by a gas chromatographic separation and thermal conductivity detection (LECO 

FP428); fat by dichloromethane extraction (Soxhlet); gross energy in an adiabatic bomb 

calorimeter (IKA). Minerals (P, Fe, Zn, Mg, K, I and Se) content in feeds and fillets was 

determined at an external certified laboratory (Silliker, Mérieux Nutrisciences, Portugal) 

according to ISO 27085:2009, implying a microwave digestion with nitric acid and hydrogen 

peroxide and detection by inductively coupled plasma mass spectrometry (ICP-MS). The 

same external laboratory determined also vitamin A (all-E-retinol, 13-Z-retinol) by HPLC 

according to EN 12823-1:2014 method. Vitamin D3 and 25(OH)D3 content in the feeds and 

fillets of gilthead seabream and rainbow trout was analyzed by a liquid chromatography with 

tandem MS detection method. Total lipids in the fillets were extracted according to the 

method of Folch, Lees and Stanley (1957) and subsequently, the fatty acid composition of 

fillets was determined by gas-chromatography analysis of methyl esters, according to the 

procedure of Lepage and Roy (1986), modified by  Cohen et al. (1988) and described in 

further detail by Costa et al. (2013). Data in mg/100 g of edible part were calculated using 

the peak area ratio (% of total fatty acids) and the lipid conversion factors set by Weihrauch 

et al. (1977). Cholesterol was assayed by gas chromatography after saponification in alkaline 

conditions, based on the method of Naemmi et al. (1995) and modified by Oehlenschläger 

(2000). It was analysed in a CX3400 VARIAN gas chromatograph and the separation was 

carried out with helium as the carrier gas in an HP5 column (30 m × 0.5 mm id). The 

temperatures of the oven, injector, and detector were 280, 285, and 300 °C, respectively. 

The detection limit (DL) was 6.34 μg/ml. 
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Based on the fatty acid profile, the atherogenic (AI) and thrombogenic (TI) indexes were 

calculated accordingly to Ulbricht and Southgate (1991) for evaluation of the predisposition 

for incidence of coronary heart disease. 
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Nutritional Contribution 

The nutritional contribution (NC) of trout and seabream fillets was calculated as the 

percentage of the Daily Recommended Intake (DRI), Dietary Reference Values (DRVs) for 

selected minerals and vitamins and Daily Adequate Intake (DAI) for combined EPA and DHA. 

When distinct recommendations exist for males and females, calculations were adapted 

accordingly, and the following formula was used:  

DAI or DRI/DRV

MC
  100(%) NC


=

 

 

Where: 
C: mean concentration of nutrient in g·kg-1, mg·kg-1 or µg·kg-1. 
M: meal fillet portion consumed is 0.160 kg (Costa et al., 2013). 
DRV established as Adequate Intake (AI) for iodine is 0.150 mg·d-1 for adults (EFSA, 2014b). 
DRV established as Adequate Intake for selenium is 0.070 mg·d-1 for adults (EFSA, 2014c) 
DRV established as Population Reference Intake (PRIs) for iron is 11.0 mg·d-1 for adult males and 11.0 to 16.0 
mg·d-1 for adult females (mean value = 13.5 mg·d-1) (EFSA, 2015d). 
DRV established as Population Reference Intakes for zinc are 9.4 to 16.3 mg·d-1 for males (mean value = 12.9 
mg·d-1) and (7.5 to 12.7 mg·d-1 for adult females (mean value = 10.1 mg·d-1) (EFSA, 2014d) 
DRV established as Adequate Intake (AI) for potassium is 3.5 g·d-1 for adolescents and adults (EFSA, 2016a). 
DRV established as Adequate Intake (AI) for magnesium is 350 mg·d-1 for adult males and 300 mg·d-1 for adult 
females (EFSA, 2015a) 
DRV established as Adequate Intake for Vitamin D is 15.0 ug·d-1 for young and adults (EFSA, 2016b). 
DRV established as Population Reference Intakes (PRIs) for Vitamin A is 750 µg retinol·d-1 for adult males and 
650 µg retinol·d-1 for adult females (EFSA, 2015b). 
DAI for EPA+DHA is 500 mg·d-1 for primary prevention of cardiovascular disease in adults (International Society 
for the Study of Fatty Acids and Lipids [ISSFAL], 2004), corresponding to a weekly intake of 3.5g of EPA+DHA. 
DRV established as Population Reference Intakes (PRIs) for protein is 62 g·d-1 for adult males (18-59 years) and 
52 g·d-1 for adult females (EFSA, 2012a). 



Fortification with vitamin D3  Chapter 4 

 

130 
 

Sensory Assessment 

The three dietary treatments of seabream and trout were evaluated in two independent 

sensory sessions. Sessions took place 48 h after death in an acclimatized test room equipped 

with individual booths outfitted with water and white light. Sensory panel was composed by 

twelve trained participants within 34-50 years old. A multisample difference test was applied 

to evaluate the three dietary treatments of both species focusing on typical taste (Meilgaard 

et al., 1999). The right-side fillets from each fish were removed, washed and drained for five 

minutes. Only the anterior dorsal part of each fillet was used to have pieces with uniform 

thickness. Each piece of fillet was individually wrapped with aluminium foil and cooked for 

12 min and 8 min at 100 ºC, respectively for seabream and trout, in a saturated steam oven 

(Rational Combi-Master CM6 Cross KuchentechnikCmbH, Landsberg, Germany). Cooked 

fillets from each dietary treatment were presented to the panelists sequentially, in coded 

white dishes, in the six possible different combinations. The subjects rated the intensity of 

typical taste based on an 8-point scale ranging from absent (0) to strong intensity (8) 

(Meilgaard et al., 1999). 

 

Statistical analysis 

Data were subjected to a one-way analysis of variance, and when appropriate, means were 

compared by the Tukey test. Parameters expressed as percentages were subjected to arcsin 

square root transformation. Statistical significance was tested at 0.05 probability level. All 

statistical tests were performed using the SPSS V22 software. 

 

Results  

In both, rainbow trout and gilthead seabream studies, the overall growth performance 

criteria (e.g. weight gain, feed intake and FCR – data not shown) and the proximate 

composition of whole-fish (moisture, protein, fat and ash) at the end of the trial were not 

significantly affected by the various dietary treatments (P>0.05).  

The fillet proximate composition and content on vitamins (A and D3) and minerals (iodine, 

selenium, iron, zinc, potassium, magnesium) were not affected by dietary treatments 
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(P>0.05) (Table 4.2). Trout and seabream fillets showed similar levels of Fe, Zn, Se, K and Mg. 

On the other hand, in comparison to trout fillets, those of seabream showed a higher content 

of iodine and cholesterol and lower levels of vitamins A and D3. 

 

Table 4.2. Proximate composition, vitamin and mineral contents in trout and seabream 
fillets. 

 CTRL D3 HyD P-value 

Rainbow trout           

Moisture, % ww 67.3 ± 0.1 67.5 ± 0.5 67.8 ± 0.4 0.505 
Protein, % ww 18.0 ± 0.6 18.0 ± 0.2 17.9 ± 0.5 0.972 
Fat, % ww 13.4 ± 0.5 12.9 ± 0.1 12.9 ± 0.1 0.262 
Ash, % ww 1.2 ± 0.1 1.3 ± 0.1 1.2 ± 0.1 0.395 
Iodine, mg·kg-1 0.02 ± 0.01 0.03 ± 0.00 0.03 ± 0.01 0.939 
Selenium, mg·kg-1 0.15 ± 0.01 0.15 ± 0.01 0.15 ± 0.01 0.861 
Iron, mg·kg-1 4.0 ± 0.1 4.1 ± 0.5 4.0 ± 0.3 0.986 
Zinc, mg·kg-1 3.3 ± 0.1 3.9 ± 0.4 3.5 ± 0.4 0.259 
Magnesium, mg·kg-1 298.5 ± 6.4 296.0 ± 21.2 285.0 ± 12.7 0.662 
Potassium, g·kg-1 4.9 ± 0.0 4.7 ± 0.2 4.7 ± 0.2 0.579 
Cholesterol, mg kg-1 499.5 ± 17.7 468.0 ± 29.7 471.0 ± 5.7 0.357 
Vitamin A, µg kg-1 139.0 ± 5.7 136.0 ± 17.0 140.5 ± 3.5 0.912 
Vitamin D3, µg·kg-1 102.5 ± 10.6 91.5 ± 19.1 121.0 ± 28.3 0.453 
           
Gilthead seabream           

Moisture, % ww 72.6 ± 0.1 72.5 ± 0.3 72.7 ± 0.1 0.505 
Protein, % ww 17.2 ± 0.4 17.3 ± 0.3 17.2 ± 0.4 0.972 
Fat, % ww 7.7 ± 0.2 8.0 ± 0.3 7.7 ± 0.3 0.262 
Ash, % ww 2.2 ± 0.2 2.0 ± 0.1 2.2 ± 0.1 0.395 
Iodine, mg·kg-1 0.18 ± 0.01 0.18 ± 0.01 0.18 ± 0.00 0.933 
Selenium, mg·kg-1 0.16 ± 0.01 0.16 ± 0.00 0.15 ± 0.01 0.946 
Iron, mg·kg-1 4.1 ± 0.4 4.2 ± 0.1 4.2 ± 0.4 0.897 
Zinc, mg·kg-1 4.1 ± 0.3 5.3 ± 0.5 5.3 ± 0.2 0.072 
Magnesium, mg·kg-1 310.0 ± 12.7 314.5 ± 12.0 314.0 ± 4.2 0.897 
Potassium, g·kg-1 5.8 ± 0.9 5.6 ± 0.4 5.9 ± 0.3 0.901 
Cholesterol, mg·kg-1 607.5 ± 19.1 608.5 ± 3.5 616.5 ± 10.6 0.762 
Vitamin A, µg·kg-1 57.0 ± 10.4 57.3 ± 2.9 59.4 ± 6.4 0.938 
Vitamin D3, µg·kg-1 43.0 ± 11.3 56.5 ± 10.6 52.0 ± 11.3 0.537 

Values are means ± standard deviation (n=3; each replicate sample is a pool of 4 fillets). 

 

The summarized fatty acid composition of trout and seabream fillets is presented in Table 

4.3. In comparison to the CTRL treatment, feeding trout and seabream with the diets 

supplemented with vitamin D3 or 25-hydroxyvitamin D had no significant effect (P>0.05) on 

the fatty acid profile and contents of fillets. Consequently, total levels of n-3 and n-6 fatty 
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acids, its ratio and both thrombogenic (TI) and atherogenic (AI) indexes were also not 

affected by dietary treatments (P>0.05).    

 

Table 4.3. Summarised fatty acid content of raw trout and seabream fillets. 

Fatty acid (mg∙100 g-1 fillet) CTRL D3 HyD P-value 

Rainbow trout           

Total SFA1 3973 ± 227 3719 ± 23 3774 ± 67 0.295 
Total MUFA2 4586 ± 50 4537 ± 114 4473 ± 74 0.482 
C18:2 n-6 1015 ± 75 997 ± 53 1010 ± 47 0.953 
C18:3 n-3 148 ± 4 154 ± 2 149 ± 11 0.600 
C18:4 n-3 206 ± 9 200 ± 11 194 ± 2 0.514 
C20:4 n-6 84 ± 4 77 ± 1 78 ± 1 0.127 
C20:5 n-3 [EPA] 710 ± 58 669 ± 44 686 ± 11 0.667 
C22:6 n-3 [DHA] 1768 ± 152 1692 ± 28 1702 ± 28 0.693 
Total PUFA3 4667 ± 201 4446 ± 3 4533 ± 14 0.303 
                
Total PUFA n-3  3140 ± 242 2980 ± 60 3038 ± 29 0.591 
Total PUFA n-6 1527 ± 41 1467 ± 57 1495 ± 43 0.526 
PUFA n-3/n-6 2.1 ± 0.2 2.0 ± 0.1 2.0 ± 0.1 0.933 
EPA + DHA 2479 ± 210 2362 ± 71 2388 ± 39 0.677 
AI4 0.60 ± 0.04 0.56 ± 0.01 0.58 ± 0.00 0.414 
TI5 0.30 ± 0.00 0.29 ± 0.00 0.29 ± 0.01 0.208 

           

Gilthead seabream           

Total SFA 1988 ± 49 2086 ± 93 2002 ± 84 0.485 
Total MUFA 3472 ± 117 3571 ± 174 3438 ± 99 0.635 
C18:2 n-6 883 ± 2 898 ± 45 843 ± 36 0.369 
C18:3 n-3 167 ± 10 177 ± 8 173 ± 1 0.459 
C18:4 n-3 50 ± 4 60 ± 14 46 ± 9 0.465 
C20:4 n-6 47 ± 1 48 ± 2 46 ± 2 0.507 
C20:5 n-3 [EPA] 287 ± 19 306 ± 25 285 ± 21 0.616 
C22:6 n-3 [DHA] 562 ± 10 596 ± 26 574 ± 16 0.316 
Total PUFA 2275 ± 47 2377 ± 100 2241 ± 100 0.382 
                 
Total PUFA n-3 1241 ± 46 1331 ± 54 1259 ± 48 0.301 
Total PUFA n-6 1034 ± 1 1046 ± 46 982 ± 52 0.363 
PUFA n-3/n-6 1.2 ± 0.0 1.3 ± 0.0 1.3 ± 0.0 0.103 
EPA + DHA 849 ± 29 902 ± 51 859 ± 37 0.465 
AI 0.34 ± 0.00 0.35 ± 0.00 0.37 ± 0.01 0.060 
TI 0.32 ± 0.00 0.31 ± 0.00 0.32 ± 0.01 0.313 

Values are means ± standard deviation (n=3; 4 individual fillets per replicate tank). Despite not shown in this 
summarised format, all identified fatty acids were considered in the composite fractions. 
1 SFA: Saturated fatty acids. 
2 MUFA: Monounsaturated fatty acids. 
3 PUFA: Polyunsaturated fatty acids. 
4 AI: (C12:0 + (4 x C14:0) + C16:0) / (Total MUFA + Total n-3 + Total n-6) 
5 TI: (C14:0 + C16:0 + C18:0) / ((0.5 x Total MUFA) + (0.5 x Total n-6) + (3 x Total n-3) + ratio n-3/n-6). 
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The nutritional contribution (NC) of trout and seabream fillets to cover the DRV of selected 

minerals, vitamins A and D3 and the DAI of combined EPA and DHA in adults’ female and male 

are presented in Table 4.4 and Figure 4.1. In both species, the nutritional contribution on Fe, 

Zn, Mg and vitamin A is lower than 17% of DRV. In trout the iodine represented 2.5% of DRV, 

while in seabream it contributed to 20% of DRV. Fillets from both species, contributed to 21-

27% and 35% of DRV for potassium and selenium, respectively. Trout fillets have a high 

nutritional contribution 98-129% of DRV for vitamin D3. In comparison to the CTRL treatment, 

trout fed the HyD diet showed an increase (18%) on the nutritional contribution to vitamin 

D3 DRV. While fillets from seabream fed the CTRL diet contributed to 46% of DRV of vitamin 

D3, those fed the D3 and HyD diets represented 60 and 55%, respectively. On a relative basis, 

this variation represented a 31% (D3) and 21% (HyD) increase of the nutritional contribution 

of fortified seabream fillets. 

 

Table 4.4 Nutritional contribution (%DRV) of raw trout and seabream fillets. 

% DRV1,2 CTRL D3 HyD 

 Female Male Female Male Female Male 

Rainbow trout    

Vitamin D3 109.3 97.6 129.1 
Vitamin A      3.4    3.0      3.3    2.9      3.5    3.0 
EPA + DHA (1 portion/week) 113.3 108.0 109.2 
Protein     55.3    46.4    55.3    46.4      55.0    46.2 
Iodine 2.5 2.7 2.7 
Selenium 33.8 35.0 33.6 
Potassium 22.2 21.7 21.5 
Iron       4.7    5.8      4.8    5.9      4.7    5.8 
Zinc       5.1    4.0      6.1    4.8      5.5    4.3 
Magnesium     15.9  13.6    15.8    13.5    15.2  13.0 
    

Gilthead seabream    

Vitamin D3 45.9 60.3 55.5 
Vitamin A      1.4    1.2      1.4    1.2      1.5    1.3 
EPA + DHA (2 portions/week) 77.6 82.5 78.5 
Protein     53.1    44.5    53.2    44.6      52.8    44.3 
Iodine 19.0 19.1 18.8 
Selenium 35.9 35.4 35.1 
Potassium 26.4 25.7 27.0 
Iron      4.8    5.9      4.9    6.0      5.0    6.1 
Zinc      6.5    5.1      8.3    6.5      8.3    6.5 
Magnesium    16.5  14.2     16.8  14.4     16.7  14.4 
1 For definition of DRV calculations please refer to section 2.4. 
2 DRV calculations considered gender differences on recommendations. 
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Figure 4.1. Nutritional contribution (%) of raw fillets to the daily Dietary Reference Values 
(DRV) of vitamin D3 and selenium; and the weekly Dietary Adequate Intake (DAI) of 
EPA+DHA.   

Typical taste of steamed cooked trout and seabream fillets was not affected by the dietary 

supplementation with cholecalciferol and 25-hydroxyvitamin D (P>0.05) (Figure 4.2). Sensory 

panel rated typical taste as light to moderate (ranging between 3.6 and 3.9 in trout and 3.1 

and 4.2 in seabream). Overall non-typical taste was classified as absent to light in both 

species.  

 

 

Figure 4.2. Sensory assessment by a trained panel of typical taste of trout and seabream on 
an 8-point intensity scale ranging from absence (0); light (2); moderate (4); intense (6); to 
highly intense (8) 
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Discussion 

Vitamin D deficiency is not only associated with malnutrition in developing countries, but 

also intrinsically linked to modern lifestyles with changed dietary patterns, lower diversity of 

food items and increase dependency of convenience and processed foods with low 

micronutrients density, in industrialized countries (Fulgoni et al., 2011; Mensink et al., 2013; 

Cashman and Kiely, 2014; Troesch et al., 2012). Farmed fish are undoubtedly a good option 

for vitamin D biofortification, since already considered part of a healthy diet and its 

consumption may significantly contribute to cover daily needs of n-3 LCPUFA, vitamin A and 

D, iodine and selenium with benefits on improved nutritional status and disease prevention 

(EFSA, 2014a). 

 

Efficacy of biofortification strategy in fish 

Aquaculture feeds target mainly an optimal fish growth and welfare status, without valuing 

its potential as a tool to bring additional benefits to consumers’ health. It is recognized that 

current feeds do not make full use of micronutrients at its maximum allowed levels (EFSA, 

2005). Moreover, the current trend in aquafeeds for replacing marine-derived ingredients 

(fish meal and fish oil) by vegetable protein and oil sources can interfere with the fish 

nutritional profile and consequently change consumer expected intakes of health valuable 

nutrients, such as n-3 LCPUFAs and vitamin D3. In our study, raising dietary vitamin D3 from 

a basal level of 42 µg·kg-1 and 31 µg·kg-1 (trout and seabream control diets, respectively) to 

the maximum permitted level of 75 µg·kg-1 (D3 and HyD diets) did not significantly enhance 

fillet vitamin D3 levels, which ranged 92-121 µg·kg-1 in trout fillets and 43-57 µg·kg-1 in 

seabream fillets. The large range observed is in accordance with results from several studies 

that evidence a large variation on the vitamin D3 fillet concentrations for the same fish 

species (Mattila et al., 1995; Lu et al., 2007; Schmid and Walther, 2013), even when fed an 

identical diet (Mattila et al., 1999). Although being one of the more relevant natural sources 

of vitamin D3, data on the efficacy of dietary vitamin D3 biofortification in fish is extremely 

scarce. Atlantic salmon fed over 11 weeks with graded dietary levels of vitamin D3 (40, 2210 

and 28680 μg∙kg−1 feed) showed a positive correlation between the content of vitamin D3 
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found in tissues and dietary levels (Horvli et al., 1998). On the other hand, rainbow trout fed 

over four months with three dietary vitamin D3 levels (89, 174 and 539 μg∙kg−1 feed) did not 

show a positive relationship between muscle cholecalciferol content and dietary vitamin D3 

dose (Mattila et al., 1999). Literature data suggests that increased concentrations of vitamin 

D3 in salmon muscle were only positively correlated with a feed fortification strategy, when 

dietary levels ranged from 32 to 800 times higher than the ones used in present study, which 

targeted the maximum permitted level of 75 µg·kg-1 in aquaculture feeds (Graff et al., 2002; 

Horvli et al., 1998). When dietary concentrations were only two to seven times higher it was 

not possible to observe a significant increase on trout and salmon muscle vitamin D3 content 

(Graff et al., 2002; Horvli et al., 1998; Mattila et al., 1999). Absolute values of muscle vitamin 

D3 content in trout were double of those found in seabream. Being a liposoluble vitamin, the 

higher dietary fat levels as well as the increased fat content in trout muscle compared to 

seabream may condition the magnitude of vitamin D3 deposition in muscle. Previous studies 

with fish did not find a significant correlation between body fat content and muscle vitamin 

D3 contents (Mattila et al., 1995; Mattila et al., 1997; Mattila et al., 1999; Schmid and 

Walther, 2013). However, in humans there are evidences that the presence of fat in a meal 

taken together with vitamin D3 supplement, significantly enhances absorption of the vitamin 

D3 (Dawson-Hughes et al., 2015). Given that vitamin D3 plays a role in mineral metabolism, 

we have also assessed the effects of dietary vitamin D3 biofortification on the muscle content 

of some nutritional relevant minerals. Our data showed that increasing supplementation 

level of vitamin D3 up to 75 µg·kg-1, in both trout and seabream feeds, did not affect muscle 

contents in iodine, selenium, iron, zinc, potassium, magnesium. However, in a previous study 

with juvenile catfish, a significant increase of whole-body sodium, potassium, magnesium, 

zinc, phosphorous and calcium retention was observed when vitamin D3 dietary level was 

increased from 50 to 100 µg·kg-1 (Zhu et al., 2015).  

 

Nutritional contribution 

Our data show that raising dietary levels of vitamin D3 could improve trout and seabream 

fillets nutritional contribution, evaluated according to the established recommended values 
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for adults. A meal portion of 160 g of trout fillets showed to have a high nutritional 

contribution for vitamin D3, varying between 98-129% of DRV. The same 160 g of fillets from 

seabream fed the CTRL diet contributed to 46% of vitamin D3 DRV, while those fed the D3 

and HyD diets represented 60 and 55%, respectively. Vitamin D3 supplementation did not 

affect vitamin A and minerals muscle content, however it is noteworthy the nutritional 

contribution of several nutrients presents in the studied species. Regarding iodine levels, 160 

g of seabream fillet may contribute to 20% of iodine daily adequate intake (DAI) while in trout 

iodine only represents 2.5% of DAI. Additionally, fillets from both species, may contribute to 

21-27% and 35% of DRV for potassium and selenium, respectively. The nutritional 

contribution of Fe, Zn, Mg and vitamin A was minor and lower than 17% of DRV with both 

species. Moreover, the observed high contents in n-3 LCPUFA, particularly EPA and DHA 

could also make a significant contribution to cover their recommended intake in the primary 

prevention of cardiovascular diseases. Because trout is fattier than seabream one single meal 

of 160g would cover between 108-113% of the weekly recommendation of combined 

EPA+DHA, while same meal portion of seabream fillet would contribute to 40% of the same 

recommendation. Additionally, thrombogenic index was found similar between species while 

atherogenic index was lower in seabream compared with trout fillets.  

 

Calculation of nutritional contribution were expressed using a 160g meal portion, though for 

labelling purposes it should be expressed in a 100g basis. According to EC 1924/2006 

regulation, in the European market, a food item can be labelled as “source of” if it supplies 

15% of the DRV in 100g of product and “high in” in case of containing at least twice this value 

(30% of DRV). Although not affected by the feed fortification strategy, trout fillets fed the 

various experimental diets showed high vitamin D3 levels that provided between 61 and 81% 

of DRV in 100 g of fillet and could therefore potentially be labelled with the nutritional claim 

“high in vitamin D3” in Europe (EFSA, 2010). Likewise, an equivalent labelling could be applied 

to seabream supplemented fillets (HyD and D3) as they provide between 35% and 38% of 

DRV in 100 g of food item (corresponding to 52 and 57 µg·kg-1, respectively). Furthermore, 

under the same definition, the high selenium content determined in trout and seabream 
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fillets ranging from 0.147 to 0.157 mg·kg-1, could justify the nutritional claim “source of 

selenium” due to its nutritional contribution of about 21-22% DRV. Altogether these data 

support the rich nutritional value of fish from aquaculture and its contribution to cover 

several nutrients requirements within a balanced dietary pattern. 

 

Sensory evaluation 

Despite actual consumer request for healthy food they are also aware about the natural 

sensory properties of each food item. Thus, the nutritional improvement of food should 

avoid negative effects on the sensory traits. Moreover, studies on consumers’ preferences 

refer the importance of the food carrier on the compliance and acceptance of fortified food 

items (Grunert, 2010; Siró et al., 2008). It was shown that an already present nutrient will be 

easily accepted in a fortified food than other ingredients that can be related to odour and 

taste modifications (Siró et al., 2008). A trained seafood panel found no effects of dietary 

vitamin D3 supplementation on the typical taste of steamed cooked trout and seabream 

fillets. Information on sensorial traits of fish products related to vitamin D3 fortification is 

scarce. Studies performed on other animal species found no differences on flavour, juiciness 

and tenderness in pork meat (Wilborn et al., 2004; Swigert et al., 2004), or chicken eggs 

sensory properties (Mattila et al., 2003; Yao et al., 2013) after feed supplementation with 

high levels of vitamin D3. 

 

Conclusions 

An increase of vitamin D3 level in fish feeds, within the maximum authorized limit in the EU 

market of 75 µg·kg-1, enhanced the contribution of rainbow trout and gilthead seabream 

fillets to the Dietary Reference Value, without affecting fish growth or sensory traits. 

Moreover, the fish fillets showed to have high nutritional value with significant levels of n-3 

LCPUFA (EPA and DHA), selenium and iodine which may significantly contribute to cover 

nutrients requirement and improve consumers’ nutritional status. The biofortification of 

farmed fish is an efficient strategy to enhance the vitamin D3 intake in general populations, 

adding to the already implemented fortified food items. 
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Phaedactylum tricornutum in finishing diets for gilthead seabream: effects on 

skin pigmentation, sensory properties and nutritional value 

 

 

Abstract   

Microalgae biomasses are known to play a major role in fish pigmentation, which is 

particularly important in farmed fish, since colour and external appearance are consumers’ 

first cue when choosing seafood. A study was undertaken to assess the potential of 

microalgae biomass from Phaedactylum tricornutum as a functional ingredient for gilthead 

seabream (Sparus aurata) feeds. Three experimental diets were designed: a control diet 

(CTRL); this same diet supplemented with 2.5% of P. tricornutum wild strain (diet MA20); and 

a third diet with 2.5% of P. tricornutum biomass (diet MA37) cultivated under different 

temperature and light regimes that resulted in higher levels of fucoxanthin. Microalgae diets 

led to a reduction (P<0.05 in MA37) of whole-body fat and lower lipid retention (P<0.05 in 

MA20 and MA37). Microalgae did not impact odour, flavour, whiteness and fatness 

perception in cooked fillets. Overall, colour analysis showed that P. tricornutum biomass 

originated significant differences compared to control in specific areas: the MA37 diet 

induced a significantly (P<0.05) lighter and more vivid yellow coloration of seabream 

operculum (ΔE* ≈ 5) perceptible to the human eye; ventral skin lightness was also affected 

by the dietary treatments (P=0.040), being higher for microalgae-fed groups, though this 

difference was not perceptually strong (ΔE* ≈ 1.7). P. tricornutum biomass can be used as a 

functional ingredient, improving external pigmentation and thus contributing to meet 

consumer expectations in relation to farmed gilthead seabream. 

Keywords: Gilthead seabream; Microalgae; Phaedactylum tricornutum; Skin pigmentation; 

Quality. 
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Introduction  

Being a rich source of important nutrients, including highly digestible proteins, vitamins (A, 

D, niacin and B12), trace minerals (iodine, selenium) and n-3 polyunsaturated fatty acids 

(PUFA), fish is considered to be a healthy dietary choice (Kris-Etherton et al., 2002; Larsen et 

al., 2011; Lund, 2013; EFSA, 2015d). In fish markets where fish is commercialised whole, 

visual cues such as body shape and skin pigmentation patterns are considered important 

consumer purchasing criteria (Vasconcellos et al., 2013; Colihueque and Araneda, 2014).  

 

Gilthead seabream (Sparus aurata) is the major farmed marine fish species in the 

Mediterranean region (FEAP, 2015). Wild specimens show a golden coloration of the 

forefront, a reddish operculum and a yellow colored lateral band, while farmed seabream 

registered thicker skin, which is darker in the dorsal and head areas, and the characteristic 

iridescent colours are much duller (Grigorakis et al., 2002; Rogdakis et al., 2011; Šimat et al., 

2012). Like observed for seabream, external appearance can also vary between farmed and 

wild European seabass (Grigorakis, 2007; Arechavala-Lopez et al., 2013). Previous studies 

have shown that rearing conditions (Flos et al., 2002; Valente et al., 2011) and dietary factors 

(Wassef et al., 2010) may affect fish pigmentation and external appearance. Fish, like other 

animals, cannot synthesise carotenoids de novo and therefore depend entirely on dietary 

sources to achieve their natural pigmentation patterns. 

 

Synthetic carotenoid pigments are commercially available as feed additives but increasing 

consumer awareness of synthetic additives has promoted interest in the use of natural 

carotenoid sources. Microalgae biomasses have been successfully tested and may lead to 

valuable ingredients for the animal feed sector (Shields and Lupatsch, 2012), as they are an 

excellent source of protein, vitamins, trace minerals, LCPUFAS and natural pigments (Leu and 

Boussiba, 2014). Microalgae carotenoids were shown to have important biological functions 

in various fish species (Shahidi et al., 1998), such as antioxidant properties (Pham et al. 2014; 

Sahin et al., 2014), acting as immune system modulators (Abdel-Tawwab and Ahmad, 2009; 

Cerezuela et al., 2012a, 2012b; Kim et al., 2013; Reyes-Becerril et al., 2013) and influencing 
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flesh and skin pigmentation (Pham et al., 2014; Sefc et al., 2014). The marine diatom, 

Phaedactylum tricornutum, is characterized by high levels of n-3 PUFAs, mainly 

eicosapentaenoic acid (EPA), and high contents of fucoxanthin, an orange-coloured 

carotenoid (Rebolloso-Fuentes et al., 2001; Peng et al., 2011; Kim et al., 2012). Phaedactylum 

tricornutum has been successfully used in fish diets with beneficial effects on the seabream 

immune system (Cerezuela et al., 2012a). However, no literature data exists regarding the 

effects of Phaedactylum tricornutum on fish quality criteria, such as skin pigmentation and 

sensory traits.  

 

The objective of this study was to evaluate the potential of two Phaedactylum tricornutum 

biomasses, differing in their fucoxanthin content, as functional ingredients in finishing diets 

for gilthead seabream (Sparus aurata). Assessment criteria comprised zootechnical growth 

performance and a detailed characterization of effects on the nutritional value and sensory 

traits of fillets and skin pigmentation. 

 

Material and methods  

Experimental diets 

A control diet (CTRL) was formulated with practical ingredients to contain 45.3% crude 

protein, 18.6% crude fat and 22.2 MJ·kg-1 gross energy (dry matter basis). Based on the CTRL 

formulation, two other diets (MA20 and MA37) were produced. The MA20 diet incorporated 

2.5% of Phaedactylum tricornutum wild strain biomass, at the expenses of whole peas. The 

MA37 diet contained also 2.5% of Phaedactylum tricornutum biomass with higher levels of 

fucoxanthin, resulting from different temperature and light regimes used during the 

cultivation. The strain used was Phaeodactylum tricornutum UTEX 640, sourced from the 

University of Texas (Austin, USA). On a dry basis, the composition of the Phaedactylum 

tricornutum biomass was crude protein 34%, crude lipid 10%, ash 29% and fucoxanthin 12 

mg·g-1 for MA20 and 16 mg·g-1 for MA37. Microalgae biomasses were produced by A4F S.A. 

(Lisbon, Portugal) in photobioreactors. Diets were isonitrogenous, isolipidic and isoenergetic. 

Ingredients were ground (below 250 µm) in a micropulverizer hammer mill (model SH1, 
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Hosokawa-Alpine, Augsburg, Germany). Powdered ingredients were then mixed accordingly 

to the targeted formulation in a double-helix mixer (model 500L, TGC Extrusion, Roullet-

Saint-Estèphe, France) to attain a basal mixture. Diets (pellet size 5.0 mm) were 

manufactured at SPAROS, Lda (Olhão, Portugal) by means of a twin-screw extruder (model 

BC45, Clextral, Firminy, France) with a screw diameter of 55.5 mm and temperature ranging 

115-120°C. Upon extrusion, extruded feeds were dried in a vibrating fluid bed dryer (model 

DR100, TGC Extrusion, Roullet-Saint-Estèphe, France). After cooling of the pellets, the oils 

were added by vacuum coating (model PG-10VCLAB, Dinnissen, Sevenum, The Netherlands). 

Throughout the duration of the trial, experimental feeds were stored at room temperature, 

but in a cool and aerated emplacement. Samples of each diet were taken for proximate 

composition analysis (Table 5.1). 

 

Table 5.1. Ingredient and proximate composition of experimental diets. 

Ingredients, g·kg-1 CTRL MA20W MA37G 

Fishmeal LT 701 120 120 120 
Fishmeal 602 180 180 180 
Soy protein concentrate3 50 50 50 
Wheat gluten4 60 60 60 
Corn gluten meal5 80 80 80 
Soybean meal 486 100 100 100 
Rapeseed meal7 50 50 50 
Wheat meal 70 50 50 
Wheat: corn DDGS8 30 50 50 
Whole peas 98 73 73 
Fish oil9 105 105 105 
Palm oil10 35 35 35 
Vitamin & Mineral Premix11 10 10 10 
Binder12 10 10 10 
Antioxidant13 2 2 02 
Microalgae biomass MA2014 0 25 0 
Microalgae biomass MA3714 0 0 25 
    
Dry matter (DM), % 96.9 ± 0.0 94.8 ± 0.1 94.6 ± 0.0 
Crude protein, %DM 45.5 ± 0.3 45.4 ± 0.0 45.3 ± 0.2 
Crude fat, % DM 18.6 ± 0.1 18.5 ± 0.2 18.6 ± 0.2 
Ash, %DM  9.9 ± 0.2 10.9 ± 0.1 10.7 ± 0.2 
Total phosphorus, % DM   1.1 ± 0.0 1.2 ± 0.1 1.2 ± 0.1 
Gross energy, kJ·g-1 DM    22.1 ± 0.0 22.4 ± 0.0 22.4 ± 0.0 

1 Peruvian fishmeal LT: 71% crude protein (CP), 11% crude fat (CF), EXALMAR, Peru. 2 Fair Average Quality (FAQ) 
fishmeal: 62% CP, 12%CF, COFACO, Portugal. 3 Soycomil P: 65% CP, 0.8% CF, ADM, The Netherlands; 4 VITEN: 
85.7% CP, 1.3% CF, ROQUETTE, France; 5 Corn gluten meal: 61% CP, 6% CF, COPAM, Portugal; 6 Solvent extracted 
dehulled soybean meal: 47% CP, 2.6% CF, SORGAL SA, Portugal; 7 Defatted rapeseed meal: 34% CP, 2% CF, 
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SORGAL SA, Portugal; 8 Wheat: Corn (80:20) dry distillers’ grains with solubles: 33% CP, 2.5% CF, AB Agri, 
England. 9 COPPENS International, The Netherlands; 10 Crude palm oil: Gustav Heess GmbH, Germany; 11 Premix 
for marine fish, PREMIX Lda, Portugal. Vitamins (IU or mg/kg diet): DL-alpha tocopherol acetate, 100 mg; sodium 
menadione bisulphate, 25mg; retinyl acetate, 20000 IU; DL-cholecalciferol, 2000 IU; thiamin, 30mg; riboflavin, 
30mg; pyridoxine, 20mg; cyanocobalamin, 0.1mg; nicotinic acid, 200mg; folic acid, 15mg; ascorbic acid, 
1000mg; inositol, 500mg; biotin, 3mg; calcium panthotenate, 100mg; choline chloride, 1000mg, betaine, 
500mg. Minerals (g or mg/kg diet): cobalt carbonate, 0.65mg; copper sulphate, 9mg; ferric sulphate, 6mg; 
potassium iodide, 0.5mg; manganese oxide, 9.6mg; sodium selenite, 0.01mg; zinc sulphate,7.5mg; sodium 
chloride, 400mg; calcium carbonate, 1.86g; excipient wheat middlings. 12 Kielseguhr (natural zeolite): LIGRANA 
GmbH, Germany; 13 Paramega PX, Kemin Europe NV, Belgium. 14 Dry biomass of Phaedactylum tricornutum: 
34% CP, 10% CF (MA20 with 12 mg·g-1 fucoxanthin and MA37 with 16 mg·g-1 fucoxanthin), A4F S.A., Portugal. 

 

Growth trial and sampling 

The trial was conducted at the Experimental Research Station of CCMAR (Faro, Portugal). 

Experiments were directed by trained scientists (following category C FELASA 

recommendations) and  in compliance with the European (Directive 2010/63/EU) and 

Portuguese (Decreto-Lei nº. 113/2013, de 7 de Agosto) legislation on the protection of 

animals for scientific purposes. CCMAR facilities and their staff are certified to house and 

conduct experiments with live animals ('group-1' license by the 'Direção Geral de 

Veterinária', Ministry of Agriculture, Rural Development and Fisheries of Portugal). 

 

Each diet was tested in duplicate groups of 30 seabream with a mean initial body weight of 

233 g stocked in 1000 L circular plastic tanks, for 84 days. Fish were fed to apparent satiety, 

by hand, twice daily during week days, once a day in Saturdays and unfed on Sundays. Excess 

feeding was minimized, and feed intake was quantified throughout the trial. Rearing tanks 

were supplied with flow-through gravel-filtered, aerated seawater (salinity: 34 psu; 

temperature: 19-27°C; oxygen content of outlet water maintained higher than 5 mg·L-1) and 

subjected to natural photoperiod changes through Summer-Autumn conditions (early 

August till end-October). At the end of the trial, fish were slaughtered by immersion in ice-

saltwater slurry (4:1) until death. All samplings were done within the 24 hours following the 

last meal. At the beginning of the trial, six fish from the initial stock and three fish per tank 

at the end of the trial were sampled for analysis of whole-body composition. For analysis of 

quality criteria, after slaughter, fish were packed in insulated polystyrene boxes, with the 

ventral side upward, covered with plastic and flaked ice and immediately transported to the 
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laboratory. Fifteen fish from each treatment were weighed, scaled and filleted 24 h after 

death. Left and right fillets (with skin) were separately packed in low density polypropylene 

bags (15.2 x 33.0 cm) and kept at 4°C until sensory assessment by a trained panel.  

 

Biochemical analytical methods 

Proximate composition analysis of the diets, whole fish and fillets was made by the following 

procedures: dry matter by drying at 105°C for 24 h; ash by incineration of dry sample in a 

furnace at 550°C for 12 h; crude protein (N×6.25) by a combustion technique (at 850 ºC) 

followed by thermal conductivity detection of nitrogen an using LECO FP 528 analyser; crude 

fat after dichloromethane extraction by the Soxhlet method and gross energy in an adiabatic 

bomb calorimeter (IKA). Macro minerals (S, Cl, K and Ca), trace minerals (Fe, Cu, Zn, Br and 

As) and metallic elements (Rb) were measured using spectroscopy X-ray energy dispersive 

(EDXRF) methodology according to Carvalho et al. (2005). Total lipids in the fillets were 

extracted according to the method of Folch et al. (1957) and subsequently, the fatty acid 

composition of fillets was determined by gas-chromatography analysis of methyl esters, 

according to the procedure of Lepage and Roy (1986), modified by Cohen et al. (1988) and 

described in detail by Costa et al. (2013). Lipid oxidation in fish fillets was assessed at the 

time of slaughter (T0) and after 25 weeks of frozen storage at -20ºC, using the Polyene Index 

(PI) calculated as the fatty acid ratio: (EPA + DHA)/C16:0. The nutritional contribution (NC) of 

steam cooked seabream fillets was calculated as the percentage of the Daily Adequate Intake 

(DAI) for combined EPA and docosahexaenoic acid (DHA), according to the following formula: 

 

DAI  or  DRI

MC
  100(%) NC


=

 

 

Where: 
C: EPA+DHA content (mg·kg-1) 
M: typical meal portion consumed (0.160 kg, assuming a 40% fillet yield in a commercial size seabream of 0.400 
kg). 
DAI considered for EPA+DHA was 500 mg·d-1 for primary prevention of cardiovascular disease in adults 
(International Society for the Study of Fatty Acids and Lipids [ISSFAL], 2004). 
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Pigmentation 

Skin colour was measured with a tristimulus colorimeter (Macbeth Color-Eye 3000) and the 

L*, a* and b* coordinates from CIELab system were recorded. Eleven random fish from each 

treatment were used for this procedure. Colour was determined in triplicate measures in 

several predefined zones in the fish: the interorbital band (left, medium and right areas), 

operculum, skin [dorsal, dorsal, intermedium (close to lateral line) and ventral areas] and 

muscle (dorsal, medium and ventral, corresponding to the skin areas). From a* and b* 

coordinates, chroma (C*) and hue (H⁰) parameters were calculated according to Schubring 

(2009). To estimate perceptible colour differences (ΔE*) among dietary treatments the CIE 

76 formula (based on the Euclidian distances between colours in CIELab space) was applied: 

 

ΔE* = √(𝐿2
∗ − 𝐿1

∗ )2 + (𝑎2
∗ − 𝑎1

∗)2 + (𝑏2
∗ − 𝑏1

∗)2 

 

For each evaluated zone, average values of colour coordinates were used for ΔE* calculation 

(CTRL vs MA20; CTRL vs MA37 and MA20 vs MA37). Following the definition of the CIELab 

(1976) colour space and Mahy et al. (1994), distances between colours were considered as 

being indicative of either an “irrelevant perceptual difference” (ΔE* < 1), a “slight perceptual 

difference” (1 < ΔE* < 2.3) or a “clear perceptual difference” (ΔE* > 2.3).  

 

Sensory Evaluation 

A sensory evaluation was carried out in an acclimatized test room equipped with individual 

booths. The sensory panel was composed by four trained panellists (non-smokers, 50% men, 

age within 40 – 57 years old) from the Portuguese Institute of Sea and Atmosphere, 

specifically trained in descriptive methods for sensory assessment of wild and farmed fish, 

according to the guidelines described in Meilgaard et al. (1999) and Martinsdóttir et al. 

(2009). To reduce the variability within the fillets, the parts close to the head and the tail 

were rejected. Each fillet was individually wrapped with aluminium foil to avoid odour losses 

and cooked for 10 min at 100 ºC in a saturated steam oven (Rational Combi-Master CM6, 

Cross Kuchentechnik GmbH, Landsberg, Germany). Eight cooked fillets from each treatment 
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were assessed in two independent sensory sessions. In each session four fillets per treatment 

were presented to the panellists sequentially in coded white dishes under normal white 

lighting (each panellist assessed three fillets, one per treatment). The panellists rated the 

intensity of sensory attributes on an unstructured line scale (Meilgaard et al., 1999) ranged 

from 0 cm (absence of attribute) to 12 cm (extremely intense). Results were expressed as 

the distance (in cm) of each evaluated attribute: odour (typical and atypical), flavour (typical 

and atypical), white colour and fatness. 

  

Statistical analysis 

Except for hue values, data were expressed as means ± standard deviation. All data were 

subjected to one-way analysis of variance. For ANOVA analysis, parameters expressed as 

percentages were subjected to arcsine square root transformation. Following ANOVA, means 

were compared by the Tukey HSD multiple range test. Given that hue is an angular measure, 

data were treated by a one-way circular ANOVA and group comparison was done by the 

Watson-Williams test. Statistical significance was tested at 0.05 probability level. In order to 

assess the possibility of dose-dependent effects, linear models relating "fucoxanthin levels" 

with the colour variables affected by the experimental factors were fitted by least-squares 

regression. The hypotheses that fucoxanthin levels have an effect different from zero were 

assessed via F-test (P<0.05). All colour data were also subjected to a correlation analysis (for 

quality control purposes) and a Principal Component Analysis (with no scaling of variables) 

prior to the ANOVA. Given that the CIELab colour space is considered approximately 

perceptually uniform, the lack of variable scaling is required to ensure that the perceptual 

difference between colours (i.e. the untransformed Euclidian distance in CIELab space) is 

preserved by the PCA analysis. Statistical analysis was performed using the SPSS (v22, IBM, 

USA) and R (v3.2.2) statistical software. 

 

Results  

At the end of the trial, fish reached a final body weight (FBW) ranging from 413 to 416 g 

(Table 5.2). Specific growth rate (SGR) varied between 0.68 and 0.69 %·day-1, while feed 
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conversion ratio (FCR) ranged from 1.69 to 1.74. Overall growth performance criteria (FBW, 

SGR, FCR, feed intake and protein efficiency ratio) were not affected (P>0.05) by dietary 

treatments. 

 

Table 5.2. Growth performance, whole-body composition and nutrient retention. 

  CTRL MA20 MA37 P-Value 

IBW1, g  233 ± 2 234 ± 0 233.0 ± 1  

FBW2, g  415 ± 3 413 ± 6 416.0 ± 9 0.907 

VFI3  1.13 ± 0.02 1.15 ± 0.00 1.13 ± 0.02 0.534 

SGR4  0.69 ± 0.02 0.68 ± 0.02 0.69 ± 0.02 0.773 

FCR5  1.69 ± 0.02 1.74 ± 0.05 1.69 ± 0.08 0.552 

PER6  1.35 ± 0.01 1.33 ± 0.04 1.39 ± 0.07 0.532 

      

Body composition Initial     

Moisture, % ww 63.9 62.8 ± 0.3a 62.5 ± 0.1a 63.5± 0.2b 0.038 

Protein, % ww 18.1 17.8 ± 0.5 18.4 ± 0.0 18.5± 0.5 0.278 

Fat, % ww 13.4 15.4 ± 0.2b 13.9 0.3ab 13.0± 0.6a 0.020 

Ash, % ww 4.5 3.9 ± 0.3a 5.0 ± 0.2b 4.7± 0.1ab 0.029 

Phosphorus, % ww 0.7 0.7 ± 0.0 0.7 ± 0.1 0.6± 0.0 0.251 

Energy, kJ·g-1 ww 9.1 9.5 ± 0.1b 9.4 ± 0.0a 9.2± 0.1a 0.028 

      

Retention7      

Protein, % intake  23.4 ± 1.2 25.0 ± 0.7 26.3 ± 2.6 0.365 

Fat, % intake  59.3 ± 2.0b 46.6 ± 3.1a 42.0 ± 2.5a 0.014 

Energy, % intake  27.6 ± 0.1 26.7 ± 0.7 26.1 ± 0.7 0.173 

Values are means ± standard deviation (n=2). Different superscripts within a row represent significant differences between 
treatments (P<0.05). 
1 Initial mean body weight. 
2 Final mean body weight. 
3 Voluntary feed intake: crude feed intake / (IBW+FBW)/2 / 84 days. 
4 Specific growth rate: (Ln FBW – Ln IBW) x 100 /84 days. 
5 Feed conversion ratio: dry feed intake / wet weight gain. 
6 Protein efficiency ratio: wet weight gain / crude protein intake 
7 Retention: 100 x (FBW x final carcass nutrient – IBW x initial carcass nutrient) / nutrient intake. 

 

Dietary treatments did not affect (P>0.05) the whole-body protein and phosphorus contents. 

In contrast, whole-body moisture, fat, ash and energy varied between treatment groups 

(Table 5.2). In comparison to the CTRL treatment, seabream fed both microalgae-rich diets 

showed an increase of whole-body ash content, significant only for MA20 (P=0.029) and a 

reduction of whole-body fat, yet only significant for MA 37 (P=0.020). Seabream fed diet 

MA37 presented significantly higher levels of whole-body moisture (P=0.038) and lower 
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energy content (P=0.028) in comparison with CTRL and MA20 groups. Data on weight gain, 

feed intake and whole-body composition of fish allowed the estimation of nutrients and 

energy retention. Protein and energy retention were not affected (P>0.05) by dietary 

treatments. However, the incorporation of microalgae (diets MA20 and MA37) led to a 

significant reduction (P=0.014) of fat retention in comparison with CTRL treatment (Table 

5.2). The biochemical composition of seabream fillets is presented in Table 5.3. Dietary 

treatments had no effect (P>0.05) on the protein, lipid and ash content of fish fillets. 

Similarly, the content of minerals (S, Cl and K), trace elements (S, Cl, K, Fe, Cu, Zn, Br, As) and 

metal (Rb) were not affected by dietary treatments (P>0.05). In comparison to CTRL fish, 

those fed the MA37 diet showed a significant reduction (P<0.05) of muscle calcium (Ca) 

content. 

 

Table 5.3. Proximate composition and mineral contents of seabream fillets. 

 CTRL MA20 MA37 P-Value 

Protein, % ww 20.7 ± 0.6 20.1 ± 1.2 20.4 ± 0.8 0.760 

Lipids, % ww 6.7 ± 1.2 7.6 ± 1.6 8.3 ± 0.6 0.168 

Ash, % ww 1.5 ± 0.1 1.4 ± 0.1 1.4 ± 0.1 0.153 

     

S, g∙kg-1 1.63 ± 0.23 1.56 ± 0.22 1.61 ± 0.25 0.878 

Cl, g∙kg-1 0.42 ± 0.03 0.42 ± 0.08 0.43 ± 0.06 0.961 

K, g∙kg-1 3.64 ± 0.23 3.49 ± 0.27 3.46 ± 0.21 0.452 

Ca, g∙kg-1 0.13 ± 0.03b 0.10 ± 0.02ab 0.09 ± 0.02a 0.039 

Fe, mg∙kg-1 3.44 ± 0.76 3.18 ± 0.55 3.89 ± 0.88 0.346 

Cu, mg∙kg-1 1.10 ± 0.06 1.08 ± 0.06 1.13 ± 0.08 0.476 

Zn, mg∙kg-1 4.02 ± 0.19 3.94 ± 0.36 3.97 ± 0.30 0.908 

As, mg∙kg-1 3.00 ± 0.08 3.06 ± 0.26 3.09 ± 0.26 0.802 

Br, mg∙kg-1 3.10 ± 0.14 3.36 ± 0.36 3.21 ± 0.29 0.382 

Rb, mg∙kg-1 0.60 ± 0.08 0.71 ± 0.06 0.68 ± 0.04 0.059 

Values are means ± standard deviation (n=5). Different superscripts within a row represent significant differences between 
treatments (P<0.05). 

 

The summarised fatty acid composition of seabream fillets is presented in Table 5.4. Dietary 

incorporation of microalgae did not affect the muscle profile in saturated (SFA), 

monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids. Consequently, total levels 

of n-3 and n-6 fatty acids, its ratio and both thrombogenic (TI) and atherogenic (AI) indexes 

were also not affected by dietary treatments (P>0.05). Lipid oxidation expressed as the 
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polyene index (PI) showed no differences (P>0.05) between experimental groups, at time of 

slaughter or after 25 weeks of frozen storage at -20ºC. 

 

Table 5.4. Summarised fatty acid content of raw fillets and lipid oxidation.  

Fatty acids1 (g∙100g-1) CTRL MA20 MA37 P-Value 

Total SFA2 1.76 ± 0.33 1.93 ± 0.48 2.14 ± 0.28 0.299 

Total MUFA3 1.97 ± 0.41 2.29 ± 0.53 2.46 ± 0.21 0.179 

C18:2n-6 0.46 ± 0.10 0.51 ± 0.12 0.57 ± 0.05 0.201 

C18:3n-3 0.07 ± 0.01 0.07 ± 0.02 0.08 ± 0.01 0.280 

C20:4n-6 0.06 ± 0.01 0.06 ± 0.01 0.07 ± 0.01 0.222 

C20:5n-3 (EPA) 0.46 ± 0.09 0.53 ± 0.11 0.55 ± 0.04 0.259 

C22:5n-3 0.17 ± 0.03 0.21 ± 0.04 0.22 ± 0.02 0.078 

C22:6n-3 (DHA) 0.73 ± 0.13 0.81 ± 0.12 0.85 ± 0.09 0.244 

Total PUFA4 2.31 ± 0.44 2.65 ± 0.52 2.84 ± 0.18 0.156 

Total PUFA n-3 1.63 ± 0.30 1.86 ± 0.34 1.97 ± 0.14 0.180 

Total PUFA n-6 0.57 ± 0.12 0.65 ± 0.14 0.72 ± 0.06 0.167 

     

EPA+DHA 1.19 ± 0.22 1.34 ± 0.22 1.41 ± 0.12 0.230 

PUFA n-3/n-6 2.88 ± 0.24 2.88 ± 0.17 2.76 ± 0.24 0.604 

Atherogenic Index (AI)5 0.55 ± 0.07 0.52 ± 0.05 0.55 ± 0.07 0.663 

Thrombogenic Index (TI)6 0.27 ± 0.04 0.25 ± 0.02 0.27 ± 0.03 0.701 

NC7 of EPA+DHA, % DAI 381 429 451  

     

Polyene Index (PI)8 T0 1.05 ± 0.17 1.08 ± 0.13 1.03 ± 0.17 0.870 

Polyene Index (PI) T25 0.91 ± 0.08 0.87 ± 0.19 0.82 ± 0.09 0.682 

Values are means ± standard deviation (n = 5). 
1 Despite not shown in this summarised format, all identified fatty acids were considered in the composite fractions. 
2 SFA: Saturated fatty acids. 
3 MUFA: Monounsaturated fatty acids. 
4 PUFA: polyunsaturated fatty acids.  
5 AI: (C12:0 + (4 × C14:0) + C16:0) / (total MUFA + total n−3 +total n−6). 
6 TI: (C14:0 + C16:0 + C18:0) / ((0.5 × total MUFA) + (0.5 × total n−6) + (3 × total n−3) + ratio n−3/n−6). 
7 NC: nutritional contribution of EPA+DHA, considering a meal portion of 160g, as % of the Daily Adequate Intake (DAI) of 
500 mg·d-1 for cardiovascular health in adults (ISSFAL , 2004).   
8 PI: (EPA+DHA)/C16:0. 

 

Sensory analysis in steam-cooked fillets found no differences (P<0.05) between treatments 

concerning typical odour, typical flavour, white colour and fatness (Figure 5.1). Atypical 

odours and flavours were not considered relevant by the panel with mean values below 8.8% 

and 5.6%, respectively (data not showed), of the scale intensity.  
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Figure 5.1. Sensory scores of seabream steam-cooked fillets by a trained panel.  
Attributes intensity was rated in an unstructured line scale ranged from 0 (absence) to 12 cm (extremely 
intense). Bars represent mean values ± standard deviation (n=8). 

 

The main results of colour measurements are presented in table 5.5. Considering colour 

variables (L*, a*, b*) of the 10 evaluated zones using 11 fish per group, a principal 

component analysis (PCA) was performed, showing a distinction between control fish and 

microalgae fed fish along the first two components (fig. 5.2). These two components (which 

separated control diet fish from microalgae diet fish) accounted for 70% of observed 

variance, supporting the idea that the dietary inclusion of these microalgae induced a change 

in fish coloration, compared to the control group. Correlation analysis (fig. 5.3) confirms the 

expected consistency between related measurements (e.g. all lightness measurements of 

the different parts of the muscle are positively correlated), suggesting no technical problems 

during colour measurements. 
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Table 5.5. Colour parameters (L*, a*, b*, C*, Hue) in the skin of seabream. 

 CTRL MA20 MA37 P-value 

Dorsal skin     

L* 64.1 ± 2.0 64.9 ± 2.0 65.4 ± 2.2 0.378 

a* -1.5 ± 0.1 -1.4 ± 0.1 -1.4 ± 0.2 0.590 

b* 0.7 ± 0.4 0.8 ± 0.3 1.1 ± 0.6 0.152 

C* 1.7 ± 0.2 1.7 ± 0.2 1.9 ± 0.4 0.154 

Hue 155.6 (11.4) 151.5 (11.4) 144.9 (16.0) 0.160 

     

Ventral skin     

L* 82.9 ± 2.3 84.4 ± 1.3 84.6 ± 1.3 0.040 

a* -1.4 ± 0.1 -1.4 ± 0.1 -1.3 ± 0.2 0.200 

b* 1.4 ± 0.3 1.2 ± 0.6 1.7 ± 1.0 0.274 

C* 2.0 ± 0.2 1.9 ± 0.5 2.3 ± 0.7 0.253 

Hue 135.0 (5.9) 140.5 (11.9) 132.3 (22.4) 0.403 

     

Interorbital band1     

L* 60.8 ± 1.9 60.8 ± 2.3 61.5 ± 2.7 0.700 

a* -1.7 ± 0.2 -1.5 ± 0.1 -1.5 ± 0.2 0.071 

b* 2.2 ± 0.9 2.1 ± 0.9 2.4 ± 0.7 0.636 

C* 2.8 ± 0.7 2.6 ± 0.7 2.9 ± 0.5 0.611 

Hue 129.3 (11.7) 128.9 (13.2) 123.6 (8.6) 0.400 

     

Operculum     

L* 74.8 ± 3.7a 79.8 ± 3.2b 79.9 ± 2.7b 0.001 

a* 0.2 ± 0.3 0.7 ± 0.7 0.8 ± 0.8 0.073 

b* 5.3 ± 0.9a 6.5 ± 1.1ab 6.8 ± 1.5b 0.019 

C* 5.4 ± 1.0a 6.5 ± 1.2ab 6.9 ± 1.6b 0.019 

Hue 88.0 (3.0) 84.5 (5.2) 83.8 (5.21) 0.083  
1 Interorbital band values refer to the medium zone, left and right areas data are not shown. 
Values are means ± standard deviation (n=11). For Hue values, the mean angle and the circular standard deviation are 
provided. Different superscripts within a row represent significant differences between treatments (P<0.05).  

 

The interorbital band (left and right values not shown), dorsal intermedium skin (data not 

shown), dorsal skin and muscle (data not shown) were not affected by the dietary treatments 

(P>0.05).  The skin colour measured at the operculum zone showed that fish fed the 

microalgae-rich diets (MA20 and MA37) had significantly higher lightness (L*) values than 

those fed the control diet (ANOVA, P=0.001). Dietary treatments had no effect on a* values 

(ANOVA, P>0.05). However, b* and C* values were significantly higher (Tukey HSD, P=0.019 

in both cases) in fish fed the MA37 diet than in those fed the control diet. The hue values 
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were close to 90⁰, confirming the predominance of a yellow coloration in the operculum. 

Although hue values in operculum were not significantly different between the three 

treatments following circular ANOVA (P>0.05), a trend can be perceived, since the mean hue 

of fish fed the MA37 diet was significantly different from that of control fish (Watson-

Williams test, P=0.032). Additionally, fitting a linear model relating “opercular hue” and 

“fucoxanthin level” also supports the notion that there might be a real (F-test, P=0.026), 

though small, dose-dependent effect of microalgae inclusion on opercular hue. Overall, this 

study shows a clearly perceptible difference between control and microalgae groups at the 

operculum (ΔE* ≈ 5) level. Additionally, a significant effect of the dietary treatments on 

ventral skin lightness was also noted (P=0.040), showing increased values for the microalgae 

groups, though pairwise differences between groups (Tukey HSD) did not reach significance 

due to high variability in the control group. Nevertheless, fitting a linear model relating 

“ventral skin lightness” and “fucoxanthin level” supports the existence of a dose-dependent 

effect (F-test, P=0.019) that would explain the slight perceptual differences observed 

between the ventral skin colour of control and microalgae-fed groups (ΔE* ≈ 1.7). 
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Figure 5.2. Principal Component Analysis scores plot, showing the similarity between fish 
pigmentation when considering all colour measurements performed (operculum, 
interorbital band, dorsal, intermedium and ventral skin and muscle).  
Values represent projections of the samples (i.e. fish) onto the first two principal components, connected by a 
line to the corresponding centroid, obtained from a PCA analysis (no scaling) of all the colour measurements 
(L*, a* and b*) for all measured zones in each fish (n=11 per dietary treatment). Zones considered were: 
operculum; interorbital band (left, medium and right); skin (dorsal, intermedium and ventral) and muscle. 
These two components accounted for 70% of the variance observed across the 30 variables. Samples are 
coloured according to the corresponding dietary treatment. 
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Figure 5.3. Correlogram plot showing the Pearson correlation between every pair of colour 
measurements. The upper right side shows all the correlations between variables, where 
dark blue: positive correlation; light colours: weak correlation; dark red: negative 
correlation. The down left side shows only statistically significant correlations (t-test, 
P<0.05), where dark blue: positive correlations, dark red: negative correlations and white 
squares are non-significant correlations. 
Legend: op_L: operculum L*; op_a: operculum a*; op_b: operculum b*; b1_L: interorbital band left side L*; 

b1_a: interorbital band left side a*; b1_b: interorbital band left side b*; b2_L: interorbital band medium L*; 

b2_a interorbital band medium a*; b2_b interorbital band medium b*; b3_L: interorbital band right side L*; 

b3_a: interorbital band right side a*; b3_b: interorbital band right side b*; pd_L: dorsal skin L*; pd_a: dorsal 

skin a*; pd_b: dorsal skin b*; pdi_L: dorsal intermedium skin L*; pdi_a: dorsal intermedium skin a*; pdi_b: 

dorsal intermedium skin b*; pv_L: ventral skin L*; pv_a: ventral skin a*; pv_b: ventral skin b*; md_L: dorsal 

muscle L*; md_a: dorsal muscle a*; md_b: dorsal muscle b*; mdi_L: dorsal intermedium muscle L*; mdi_a: 

dorsal intermedium muscle a*; mdi_b: dorsal intermedium muscle b*; mv_L: ventral muscle L*; mv_a ventral 

muscle a*; mv_b ventral muscle b* 
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Discussion 

 

Alongside the well-established applications of microalgae in aquaculture hatcheries, there is 

currently a drive to exploit the use of algae biomasses in formulated animal feeds, both for 

aquaculture species and terrestrial livestock. However, high costs of algal biomass compared 

to commodity feedstuffs currently confine their commercial use to niche applications, in 

order to convey specific benefits, either nutritional or physiological, during different periods 

of the life cycle (Shields and Lupatsch 2012; Chauton et al., 2015). A beneficial effect on fish 

quality criteria is a potential application of microalgae in aquaculture feeds. Quality is a broad 

and dynamic concept that is also dependent on consumer’s perception of a food product 

(Grunert, 1995). Several definitions may be drawn from the literature, but often quality is 

associated with intrinsic and extrinsic cues that are used by consumers to form their 

perception of food quality (Oude-Ophuis and Van Trijp, 1995). Intrinsic traits are linked with 

the food physicochemical characteristics such as nutrient content, flavour, sensory 

properties, food safety, among other and extrinsic traits concern the imaging, branding, 

packaging and cost. In the present work, several intrinsic traits, like omega-3 profile, lipid 

oxidation, sensory evaluation and colour, were measured to infer if a dietary supplement of 

Phaeodactylum tricornutum could improve the quality of farmed seabream. 

 

Our data shows that 2.5% dietary supplementation of microalgae Phaeodactylum 

tricornutum, with variable levels of fucoxanthin, did not impair growth and feed efficiency of 

seabream. In general, the inclusion of microalgae biomass at low levels leads to no 

differences or even improved results when compared with commercial or control feeds. In 

gilthead seabream juveniles, the supplementation of 5% and 10% Phaedactylum tricornutum 

(Cerezuela et al., 2012a) and up to 20% supplementation of Scenedesmus almeriensis 

(Viscaíno et al., 2014) showed no differences on specific growth rate with beneficial effects 

observed on the immune system response and intestinal function, respectively. Other 

studies performed in seabream showed that neither growth nor feed efficiency were 

affected by the dietary inclusions of 4% Haematococcus pluvialis (Gomes et al., 2002) and 
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6% of Chlorella vulgaris (Gouveia et al., 2002). In our study, both microalgae fed groups 

presented a reduction of whole-body fat content and consequently a lower dietary fat 

retention. This reduction of body fat content, probably occurred at the level of perivisceral 

fat (a preferential fat deposition site in seabream), given that no differences were found on 

the fillet fat content. A lipid lowering effect of microalgae-rich diets has been previously 

observed. Reduction of whole-body fat associated with dietary inclusion of microalgae was 

described in Japanese flounder (Kim et al., 2002), in common carp (Nandeesha et al. 1998; 

Kiron et al., 2012) and Atlantic salmon (Kiron et al., 2012). Spirulina supplementation was 

shown to increase hepatic carnitine palmitoyltransferase activity and hepatic carnitine level, 

inducing lipid mobilization and reducing lipid accumulation in red seabream (Nakagawa et 

al., 2000). Similarly, an activation of the lipid metabolism by hormonal regulation induced by 

dietary algae was also previously mentioned (Nematipour et al., 1987; Nematipour et al., 

1990). Though some explanations have been put forth, the mechanisms underlying this 

effect are not completely understood. Fucoxanthin, the major carotenoid present in P. 

tricornutum biomass has been associated with lower accumulation of abdominal white 

adipose tissue in rodents. In these studies, fucoxanthin was linked to a depression of 

lipogenic enzymes activities and an increase on fatty acid oxidation (Peng et al., 2011; Ha and 

Kim, 2013; Maeda, 2015). Our data shows a (non-significant) trend for a higher magnitude 

on the whole-body lipid lowering effect with the MA37 biomass, which contained higher 

fucoxanthin levels, than the MA20 biomass, suggesting that the lipid lowering effect of 

fucoxanthin might be dose-dependent. 

 

The nutritional value of farmed fish is largely associated with its fatty acid profile, more 

specifically with its content in omega-3 long chain poly unsaturated fatty acid (n-3 LCPUFAs) 

due to their physiological importance in human health (Kris-Etherton et al., 2009). In general, 

the fatty acid composition of fish fillets tends to mimic dietary composition. The microalgae 

Phaedactylum tricornutum is known to have relatively high levels of EPA (Fajardo et al., 

2007). However, given the low dietary microalgae incorporation levels tested (2.5%), dietary 

EPA levels were similar among the various experimental diets. Consequently, microalgae-rich 
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diets did not affect the seabream fillet profile in saturated (SFA), monounsaturated (MUFA) 

and polyunsaturated (PUFA) fatty acids. Total levels of omega-3 (n-3) and omega-6 (n-6) fatty 

acids, its ratio and both thrombogenic (TI) and atherogenic (AI) indexes were also not 

affected by the inclusion of microalgae. In our study, raw gilthead seabream fillets showed 

total EPA and DHA levels ranging from 1.19 g·100 g−1 in fish fed the CTRL diet, 1.34 and 1.41 

g·100 g−1 in those fed diets MA20 and MA37, correspondingly. The consumption of a 160 g 

portion of seabream fillet would represent 381, 429 and 451% (for treatments CTRL, MA20 

and MA37 respectively) of combined EPA and DHA Daily Adequate Intake primary prevention 

of cardiovascular disease in adults (ISSFAL, 2004). Since fish is not generally consumed on a 

daily basis, calculations of a weekly intake seem more appropriate. Consumption of 

seabream fillets twice a week would cover 109-129% of the adequate EPA + DHA intake for 

enhanced cardiovascular health. The presence of highly unsaturated fatty acids increases the 

fillets’ susceptibility to lipid oxidation over time. Lipid oxidation originates undesirable off-

flavours and unhealthy compounds such as free radicals and reactive aldehydes, which are 

considered particularly unpleasant by consumers (Frankel et al., 2005). The Polyene index 

used to measure lipid oxidation in seabream fillets revealed no differences between 

treatments, at time of slaughter or after 25 weeks of frozen storage at -20ºC. Microalgae 

antioxidant potential and its application in food preservation have been described 

(Rodriguez-Garcia and Guil-Guerrero, 2008). Enhanced resistance to lipid oxidation was 

reported in oil:water emulsions containing microalgae by Gouveia et al. (2006). The 

previously described antioxidant effect associated to dietary algae biomasses (Goiris et al., 

2012) and in particular due to the presence of high fucoxanthin levels (Rodriguez-Garcia and 

Guil-Guerrero, 2008; Peng et al., 2011) was not shown to have any preventive effect of lipid 

oxidation during storage, in our study.  

 

Results from sensory evaluation by a trained panel showed that P. tricornutum 

supplemented diets did not affect the organoleptic properties of steam-cooked seabream 

fillets. Literature refers similar results for channel catfish fed Schizochytrium sp. diets (Li et 

al., 2009), common carp fed Spirulina diets (Nandeesha et al., 1998) and European seabass 
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fed Isochrysis sp. diets (Tibaldi et al., 2015). A recent study with a DHA-rich Schizochytrium 

sp. reported no effect of microalgae incorporation levels on instrumentally measured texture 

criteria and water holding capacity of Atlantic salmon fillets (Kousoulaki et al., 2015). 

     

Consumer’s acceptance of a food product is highly conditioned by its appearance. The 

influence that colour and visual image may exert on flavour perception and food acceptability 

is well described for several food products (Hutchings, 1999; Spence et al., 2010). Dietary 

carotenoids are known to exert a primary role on fish skin and muscle pigmentation, being 

responsible for the typical colour of many important seafood products. Though fish are 

unable to synthesize de novo carotenoids, they are capable of modifying and metabolising 

dietary carotenoids (Goodwin, 1984; Shahidi et al., 1998; Sefc et al., 2014). The colour of fish 

and shellfish products was shown to influence the market value and acceptance by 

consumers (Sacton, 1986; Vasconcellos et al., 2013). Carotenoid deposition is not only 

influenced by the fish species and carotenoid source and chemical composition, but also 

largely dependent on the organs and tissues considered (reviewed by Shahidi et al., 1998). 

There is a large body of literature describing carotenoids’ metabolism, deposition and their 

role on skin and flesh pigmentation in salmonids (Torrissen, 1985; Storebakken et al., 1987; 

Bjerkeng, 2000). Experimental studies targeting the skin pigmentation of Sparidae species, 

like red porgy or gilthead seabream, are much scarcer. In red porgy, skin pigmentation was 

successfully improved with the use of microalgae at a dietary inclusion of 5% Spirulina and 

3.3% Haematococcus (Chatzifotis et al., 2011) and also with shrimp shell meal (Kalinowski et 

al., 2005). Conversely, in studies performed with gilthead seabream using dietary microalgae 

Chlorella and H. pluvialis, an increase in skin carotenoid deposition level was observed, 

although this was not reflected as an improvement in skin pigmentation (Gomes et al., 2002; 

Gouveia et al., 2002). Coloration is determined by the specific carotenoids used and the 

carotenoid composition (Bjerkeng, 2000), and its concentration alone cannot be used as a 

criterion of perceived colour (Little et al., 1979). The usual dimensions of perceived colour 

are hue, chroma and lightness, usually instrumentally measured as L* lightness; a* redness 

and b* yellowness (CIE, 1976). Considering colour data from all measured zones (using PCA 
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analysis), a clear difference was found between control and microalgae groups. However, 

differences found with PCA were attributed to dissimilar skin areas between groups, 

particularly at operculum level. For this area, higher lightness values were found in both 

microalgae fed groups, compared to the control treatment. The operculum hue values were 

close to 90⁰, confirming the predominance of a yellow coloration in all groups. Additionally, 

hue values were significantly different in fish fed the MA37 diet compared to those fed the 

control diet. Moreover, using diet MA37 induced a lighter and more vivid yellow coloration 

of seabream operculum (higher b* values) and higher chroma (C*) compared to control fish, 

which is probably associated to the high levels of fucoxanthin, an orange-coloured pigment 

in MA37, since these differences were not found between CTRL and MA20 groups. On the 

other hand, the use of P. tricornutum biomass did not affect the skin pigmentation pattern 

in the interorbital band and dorsal zones of seabream. Using a consumer type approach to a 

hedonics appearance assessment, fifteen out of sixteen untrained volunteers preferred the 

microalgae supplemented groups, compared to the control group. This preliminary 

information may be used as an indication for future consumer studies. In a recent study by 

Tibaldi et al. (2015) in which European seabass was fed Isochrysis-rich diets, it was found that 

skin lightness (L*) was not affected by dietary treatments. However, there was a significant 

increase of greenness (a*) in dorsal skin of fish fed the diet including the highest level of 

microalgae, which was coupled with increased hue values and slightly different colour 

saturation (chroma). An enhanced greenish skin pigmentation was already described in 

European seabass juveniles fed Tetraselmis suecica (Tulli et al., 2012) and in Atlantic cod fed 

a mixture of Nannochloropsis sp. and Isochrysis sp. (Walker and Berlinsky, 2011). In red porgy, 

a diet containing H. pluvialis resulted in reddish skin coloration, while diets with Spirulina and 

alfalfa promoted a yellowish coloration (Chatzifotis et al., 2011). Altogether, these studies 

demonstrate that natural carotenoids from microalgae can be used as tools to tailor the skin 

pigmentation in fish. However, further studies are needed to establish and understand the 

efficiency of the various carotenoids types, since the pathways regulating skin pigmentation 

are species-specific. 
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Overall data from our study show that Phaedactylum tricornutum, a microalgae rich in 

fucoxanthin, when incorporated at 2.5% in finishing diets for gilthead seabream resulted in 

a reduction of whole-body fat and originated a lighter and more vivid yellow coloration of 

seabream operculum and a higher lightness of ventral skin. Farmed fish require adequate 

pigmentation patterns to respond to consumer’s demands. Colour is the first quality 

attribute used by consumers, impacting on visual assessment and freshness perception of 

fish, which are key purchase determinants. Incorporation of microalgae pigments in 

aquafeeds also gives aquaculture products a more natural-like image, alleviating the 

manipulation impression that supplementation may suggest. Consumers often associate 

synthetic additives in foods with higher risks, while natural additives are generally perceived 

as better and healthier (Devcich et al., 2007; Dickson-Spillmann et al., 2011). The dietary use 

of microalgae biomasses may convey benefits beyond fulfilling the basic nutritional needs of 

the animal, and aspects such as an improvement of external pigmentation can contribute to 

meet consumer expectations towards farmed fish. 
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Exploratory approach to enhance the dietary retention of EPA 

(eicosapentaenoic acid, 20:5n-3) and DHA (docosahexaenoic acid, 22:6n-3) in 

gilthead seabream fillets 

 

 

Abstract   

Fish and seafood are considered excellent sources of n-3 LCPUFA (EPA and DHA), known to 

have an essential role against several human diseases. Over the last two decades, aquafeeds 

showed a significant reduction of fish oil levels and a concomitant increase of vegetable oils. 

As a result, the content of n-3 LCPUFA in fish feed and hence in farmed seafood has been 

gradually reduced, which has potential implications on the value of farmed fish to consumers 

health. One of the strategies to counteract this potential loss of nutritional value in fish relies 

on a higher retention of dietary n-3 LCPUFA in fish fillets. A study was undertaken with 

gilthead seabream (IBW: 255 g) to assess the effect of two dietary oil sources (100% fish oil 

or a blend of 75% fish oil:25% poultry fat) on the retention and deposition of EPA and DHA 

in seabream fillets. Moreover, given the large variations that exist in the formulation of 

commercial seabream feeds, the efficacy of the two oil blends was assessed in the fish 

previously fed with distinct formulation scenarios (FM, PAP and PP) and therefore with 

variable initial compositions. At the end of the trial, fish had a final body weight ranging from 

300 to 306 g. Feed intake, specific growth rate and feed conversion ratio remained 

unaffected by the dietary treatments (P>0.05). The whole-body composition of fish, in terms 

of moisture, protein, fat, ash and energy was not affected by the dietary treatments (P>0.05). 

In the overall, our data demonstrates that retention of combined EPA and DHA in seabream 

fillets is relatively low (17-25% of intake), with DHA showing higher retention values than 

EPA. Moreover, it shows that the initial fatty acid background of fish seems to play a 

significant role on the EPA and DHA sparing efficiency. Changes on the dietary oil supply had 

no effect on the combined EPA and DHA retention for FM and PAP backgrounds (P>0.05), 

while in the PP background, the use of a blend of 75% fish oil and 25% poultry fat led to a 
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significantly higher EPA and DHA retention than the use of a 100% fish oil (P<0.05). The 

nutritional contribution of seabream fillets from fish fed a 75% fish oil and 25% poultry fat 

diets were suitable to cover weekly recommended intakes in terms of combined EPA and 

DHA. Although exploratory, this works demonstrates that an alternative oil blend with high 

levels of MUFA and ALA allowed the enhancement of the efficiency of deposition of n-3 

LCPUFA in seabream. 

Keywords: Fish oil replacement; EPA and DHA retention; nutritional contribution; Gilthead 

seabream; 

 

 

Introduction  

Being a rich source of important nutrients, including highly digestible proteins, vitamins (A, 

D3), trace minerals (iodine, selenium) and n-3 long chain polyunsaturated fatty acids (n-3 

LCPUFA), fish consumption is generally regarded as part of a healthy dietary pattern (EFSA 

2014a). A vast body of literature supports the relevancy and protective role of n-3 LCPUFA, 

particularly of EPA (eicosapentaenoic acid; 20:5n-3) and DHA (docosahexaenoic acid, 22:6n-

3), against a number of human diseases (FAO and WHO, 2011; Chowdhury et al., 2012; EFSA, 

2014). The European Food Safety Authority (EFSA) set the value of 250 of combined EPA and 

DHA per day as the Adequate Intake (AI) for the prevention of cardiovascular disease in adults 

(EFSA, 2012b), whereas the International Society for the Study of Fatty Acids and Lipids 

recommends a minimum intake of EPA and DHA combined, of 500 mg per day (ISSFAL, 2004).   

 

With stagnating global capture fisheries production; aquaculture is expected to cater the 

protein supply of a growing population. Marine-derived raw materials traditionally used in 

aquafeeds (e.g. fishmeal and fish oil) are rich sources of n-3 LCPUFA, and therefore 

contribute significantly to the high levels of EPA and DHA generally found in farmed fish. 

However, due to environmental, economic and social constraints, the aquaculture industry 

has made a successful shift towards the use of feeds based on alternative ingredients of 

vegetable origin (Turchini et al., 2009; Torstensen and Tocher, 2010; Waite et al., 2014; 
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Ytrestøyl et al., 2015). To some extent, the fatty acid profile of fish muscle will mimic the fatty 

acid composition of the feed. Therefore, the trend towards a replacement of fish oil by 

alternative lipid sources, such as vegetable oils and animal fats, can interfere with the fish 

nutritional profile and consequently change consumer expected intakes of health valuable 

nutrients, such as n-3 LCPUFAs. To maintain consumer expectations of fish being a rich 

source of EPA and DHA, current industrial aquafeeds generally contain a blend of vegetable 

oils, fish oils (and in some cases animal fats). Although variable with species, growth stage 

and season, it is estimated that fish oil is currently maintained at approximately 30% of the 

total dietary oil(s) supply. Several studies have compared datasets of the fatty acid 

composition of farmed fish over time. The content of EPA and DHA in fillets of Norwegian 

farmed salmon has decreased from 27.4 mg∙g-1 to 11.5 mg∙g-1 (a 58% reduction) between 

2005 and 2015 (NIFES, 2016). A similar scenario has also been observed in the Scottish 

farmed salmon (Sprague et al., 2016), Australian farmed salmon and barrmundi (Nichols et 

al., 2014). Despite this reduction one portion of farmed salmon (130-150 grams) will provide 

on average 1.5 grams of EPA and DHA, a dose which still covers the weekly recommendation 

(EFSA, 2012b) for healthy adults. This trend towards a reduction of fish oil inclusion levels is 

also a reality in several Mediterranean species like gilthead seabream. Data from Vasconi et 

al. (2017) showed that the content of EPA and DHA in fillets of farmed seabream has 

decreased by about 30% between 2005 and 2014.  

  

Given the finite-nature of fsh oils, further reductions of inclusion levels on fish feeds are 

needed. However, from a consumer perspective, caution should be taken to guarantee an 

adequate EPA and DHA content in the fillets. New sources of EPA and DHA are currently 

being evaluated (e.g. oils from microalgae, microbial biomasses, transgenic plants, 

mesopelagic fisheries) (Turchini et al., 2010; Betancor et al., 2016; Sprague et al., 2017). 

However, as part of a sustainable solution, we should also aim to enhance the efficiency of 

tissue deposition of n-3 LCPUFA. According to Ytrestøyl et al. (2015) in Atlantic salmon, only 

46% of EPA+DHA intake was retained in the whole-body. In fillets, the direct edible part of 

salmon, retention of EPA+DHA was only 26% of intake. In the same study, it is also reported 
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that the retention of DHA was higher than that of EPA (Ytrestøyl et al., 2015). To tackle this 

low retention of dietary EPA and DHA in fish, several recent studies have focused on 

nutritional strategies to foster the metabolic sparing of n-3 LCPUFA. Tissue fatty acid 

composition is not solely dependent on the quantitative fatty composition of feeds but is 

also affected by their relative ratios, with consequences on the metabolic fate as energy 

yielding substrates, bioconversion or de novo production. In Atlantic salmon, Codabaccus et 

al. (2012) showed that equally important to the absolute dietary supply of n-3 LCPUFA is an 

increase in the DHA:EPA ratio that promotes enhanced tissue deposition efficiency of n-3 

LCPUFA. Additionally, the efficiency of tissue deposition of n-3 LCPUFA in salmonids was 

promoted by increasing the dietary levels of the alpha-linolenic acid (ALA, 18:3n-3), which 

can be preferentially oxidized over n-3 LCPUFA if present in high amounts (Turchini and 

Francis, 2009; Nunez-Ortíz et al., 2016). Previous studies showed also that feeds rich in 

saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA) yielded a better 

efficiency on the retention of n-3 LCPUFA, since both FA classes are described as preferential 

sources for beta-oxidation and energy production in fish compared to LCPUFA (reviewed by 

Tocher, 2015). 

 

Gilthead seabream is the most important finfish species cultured in the Mediterranean 

region. However, little information exists on the efficiency of n-3 LCPUFA retention in 

seabream. Therefore, a trial was undertaken to evaluate the effect of two dietary oil sources 

(100% fish oil or a blend of 75% fish oil:25% poultry fat) on the retention and deposition of 

EPA and DHA in seabream fillets. Moreover, given the large variations that exist in the 

formulation of commercial seabream feeds, the efficacy of the two oil blends was assessed 

in fish previously fed with distinct formulation scenarios and therefore with variable initial 

compositions. 

 

Material and methods  

To generate variable nutritional backgrounds at an initial stage, fish were fed for 84 days with 

three distinct diets, which can be characterized as being rich in fishmeal (FM) and fish oil 
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(FO), rich in non-ruminant animal processed proteins and with low levels of fish oil (PAP) and 

rich in plant-protein sources and low levels of fish oil (PP). The second phase, focused on n-

3 LCPUFA sparing efficiency, fish from the distinct nutritional backgrounds were sub-divided 

and fed diets, in which the dietary oil source was either 100% fish oil or a blend of 75% fish 

oil and 25% poultry fat. 

 

Experimental diets 

The trial comprised six isonitrogenous (42% CP) and isolipidic (17.5% CF) diets. The FM100FO 

diet contained 30% fishmeal and 100% FO. In comparison to FM100FO, two other diets 

comprised a 50% replacement of fishmeal by hemoglobin powder and hydrolyzed feather 

meal (diet PAP100FO) or vegetable protein sources (soy protein concentrate, pea protein 

concentrate and wheat gluten; diet PP100FO). In diets FM100FO, PAP100FO and PP100FO 

fish oil was used as the sole added oil source, while in the three additional diets FM75FO, 

PAP75FO and PP75FO, a blend of 75% fish oil and 25% poultry fat was used as added oil 

sources. All other ingredients were kept relatively constant among the various diets, at the 

exception of some supplemental crystalline amino acids and inorganic phosphate to avoid 

any nutritional deficiencies (Table 6.1).  

 

All diets were manufactured by SPAROS LDA (Olhão, Portugal). Ingredients were ground 

(below 250 µm) in a micropulverizer hammer mill (model SH1, Hosokawa-Alpine, Augsburg, 

Germany). Powder ingredients were then mixed accordingly to the three target formulations 

in a double-helix mixer (model 500L, TGC Extrusion, Roullet-Saint-Estèphe, France) to attain 

a basal mixture. Diets (pellet size 5.0 mm) were produced by means of a twin-screw extruder 

(model BC45, Clextral, Firminy, France) with a screw diameter of 55.5 mm and temperature 

ranging 115-120°C. Upon extrusion, feeds were dried in a vibrating fluid bed dryer (model 

DR100, TGC Extrusion, Roullet-Saint-Estèphe, France). After cooling the pellets, the various 

oils were added by vacuum coating (model PG-10VCLAB, Dinnissen, Sevenum, The 

Netherlands). Throughout the duration of the trials, experimental feeds were stored at room 
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temperature, but in a cool and aerated emplacement. Samples of diets were taken for 

proximate composition (Table 6.1) and fatty acid analysis (Table 6.2). 

 

Table 6.1. Formulation and proximate composition of the experimental diets. 

Ingredients, % 
FM 

100FO 
FM 

75FO 
PAP 

100FO 
PAP 

75FO 
PP 

100FO 
PP 

75FO 

Fishmeal LT 701 10.00 10.00 5.00 5.00 5.00 5.00 
Fishmeal 602 20.00 20.00 10.00 10.00 10.00 10.00 
Hydrolyzed feathermeal3   7.40 7.40   
Haemoblobin powder4   5.00 5.00   
Soy protein concentrate5     5.00 5.00 
Pea protein concentrate6     3.85 3.85 
Wheat gluten7     5.00 5.00 
Corn gluten8 11.00 11.00 11.00 11.00 12.00 12.00 
Soybean meal 489 16.00 16.00 15.00 15.00 13.50 13.50 
Rapeseed meal10 7.00 7.00 10.00 10.00 10.00 10.00 
Sunflower meal11 5.00 5.00     
Wheat meal12 6.00 6.00 4.70 4.70 3.95 3.95 
Pea starch13 6.00 6.00 5.00 5.00 4.00 4.00 
Fish oil14 15.00 11.25 15.40 11.55 15.90 11.93 
Poultry fat14  3.75  3.85  3.98 
Soy lecithin15 0.50 0.50 0.50 0.50 0.50 0.50 
Glycerol16   5.00 5.00 5.00 5.00 
Brewer's yeast17 0.50 0.50 0.50 0.50 0.50 0.50 
Binder18 0.50 0.50 0.50 0.50 0.50 0.50 
Monocalcium 
phosphate19 

  2.20 2.20 2.20 2.20 

L-Lysine20 0.50 0.50 0.80 0.80 1.00 1.00 
DL-Methionine21 0.20 0.20 0.20 0.20 0.30 0.30 
Vitamin and mineral 
premix22 

1.80 1.80 1.80 1.80 1.80 1.80 

       
Dry matter (DM), % 94.6 ± 0.0 94.8 ± 0.0 93.3 ± 0.1 94.7 ± 0.0 95.0 ± 0.1 95.1 ± 0.0 
Crude protein, %DM 41.5 ± 0.1 42.0 ± 0.1 42.2 ± 0.0 42.0 ± 0.1 42.2 ± 0.1 42.2 ± 0.1 
Crude fat, %DM 17.9 ± 0.1 17.8 ± 0.3 17.7 ± 0.4 17.5 ± 0.1 17.5 ± 0.0 17.5 ± 0.0 
Ash, %DM 8.9 ± 0.0 8.7 ± 0.1 7.6 ± 0.1 7.6 ± 0.1 6.8 ± 0.1 6.8 ± 0.0 
Total phosphorus, % DM  1.3 ± 0.0 1.3 ± 0.0 1.1 ± 0.0 1.1 ± 0.0 0.9 ± 0.1 0.9 ± 0.1 
Gross energy, kJ·g-1 DM 21.2 ± 0.1 21.9 ± 0.2 22.1 ± 0.2 22.2 ± 0.1 22.2 ± 0.1 22.2 ± 0.1 

1 Fishmeal NORVIK 70: 70.3% crude protein (CP) 5.8% crude fat (CF), Sopropêche, France; 2 CONRESA 60: 61.2% 
crude protein (CP), 8.4% crude fat (CF), Conserveros Reunidos S.A., Spain; 3 Kerapro: 82% CP, 11% CF, SONAC, 
The Netherlands; 4 PP94: 93% CP, 1% CF, Daka Sarval A/S, Denmark;  5 Soycomil P: 63% CP, 0.8% CF, ADM, The 
Netherlands; 6 Lysamin GPS: 78% CP, 0.9% CF; Roquette Frères, France; 7 VITAL: 80% CP, 7.5% CF, Roquette 
Frères, France; 8 Corn gluten meal: 61% CP, 6% CF, COPAM, Portugal; 9 Dehulled solvent extracted soybean meal: 
47% CP, 2.6% CF, CARGILL, Spain; 10 Defatted rapeseed meal: 34% CP, 2% CF, Premix Lda, Portugal; 11 Sunflower 
meal: 23% CP, 3% CF, PREMIX Lda, Portugal; 12 Wheat meal: 10.2% CP; 1.2% CF, Casa Lanchinha, Portugal; 13 
NASTAR: 0.3% CP; 0.1% CF, COSUCRA, Belgium; 14 SAVINOR UTS, Portugal; 15 Lecico P700IPM, LECICO GmbH, 
Germany; 16 Rapeseed glycerol, Belgosuc Nv, Belgium;  17 Brewer's yeast: 39% CP, 4.5% CF, PREMIX Lda, 
Portugal; 18 Kieselguhr (natural zeolite), LIGRANA GmbH, Germany; 19 MCP: 22% P, 18% Ca, Fosfitalia, Italy; 20 
Biolys 54.6%, EVONIK Nutrition & Care GmbH, Germany; 21 DL-METHIONINE FOR AQUACULTURE 99%, EVONIK 
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Nutrition & Care GmbH, Germany; 22 PREMIX Lda, Portugal: Vitamins (IU or mg/kg diet): DL-alpha tocopherol 
acetate, 100 mg; sodium menadione bisulphate, 25mg; retinyl acetate, 20000 IU; DL-cholecalciferol, 2000 IU; 
thiamin, 30mg; riboflavin, 30mg; pyridoxine, 20mg; cyanocobalamin, 0.1mg; nicotinic acid, 200mg; folic acid, 
15mg; ascorbic acid, 500mg; inositol, 500mg; biotin, 3mg; calcium panthotenate, 100mg; choline chloride, 
1000mg, betaine, 500mg. Minerals (g or mg/kg diet): copper sulphate, 9mg; ferric sulphate, 6mg; potassium 
iodide, 0.5mg; manganese oxide, 9.6mg; sodium selenite, 0.01mg; zinc sulphate,7.5mg; sodium chloride, 
400mg; excipient wheat middlings. 
 

 

Table 6.2. Summarised fatty acid composition of experimental diets (expressed as % feed). 

Fatty acids1 
FM 

100FO 
FM 

75FO 
PAP 

100FO 
PAP 

75FO 
PP 

100FO 
PP 

75FO 

Saturated 6.2 ± 0.0 6.3 ± 0.0 6.8 ± 0.0 6.7 ± 0.0 6.3 ± 0.0 6.2 ± 0.0 
Monounsaturated 4.5 ± 0.0 5.4 ± 0.1 4.8 ± 0.0 5.5 ± 0.0 4.3 ± 0.0 5.2 ± 0.1 
Polyunsaturated 7.3 ± 0.0 6.1 ± 0.1 6.2 ± 0.0 5.4 ± 0.0 6.8 ± 0.0 6.2 ± 0.1 
C18:2n-6 1.2 ± 0.0 1.6 ± 0.0 1.1 ± 0.0 1.7 ± 0.0 1.3 ± 0.0 1.6 ± 0.0 
C18:3n-3 0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 0.2 ± 0.0 0.3 ± 0.0 
C20:5n-3 (EPA) 1.6 ± 0.0 1.2 ± 0.0 1.3 ± 0.0 1.0 ± 0.0 1.5 ± 0.0 1.2 ± 0.0 
C22:6n-3 (DHA) 1.2 ± 0.0 0.9 ± 0.0 0.9 ± 0.0 0.7 ± 0.0 1.1 ± 0.0 0.9 ± 0.0 
EPA+DHA 2.8 ± 0.0 2.1 ± 0.0 2.2 ± 0.0 1.7 ± 0.0 2.6 ± 0.0 2.1 ± 0.0 

1 All identified fatty acids were considered in the composite fractions. 

 

Experimental trial 

The trial was conducted at the Experimental Research Station of CCMAR (Faro, Portugal). 

Experiments were directed by trained scientists (following category C FELASA 

recommendations) and in compliance with the European (Directive 2010/63/EU) and 

Portuguese (Decreto-Lei nº. 113/2013, de 7 de Agosto) legislation on the protection of 

animals for scientific purposes. Experimental facilities and their staff are certified to house 

and conduct experiments with live animals ('group-1' license by the 'Direção Geral de 

Veterinária', Ministry of Agriculture, Rural Development and Fisheries of Portugal). 

 

Prior to this trial, fish had been fed for 84 days with three distinct practical diets to generate 

variable initial muscle fatty acid backgrounds. These three diets can each be characterized as 

being rich in fishmeal and fish oil (FM), rich in non-ruminant animal processed proteins and 

with low levels of fish oil (PAP) and rich in plant-protein sources and low levels of fish oil (PP). 

Fish from each nutritional background were manually sorted and used to constitute duplicate 

groups of 16 fish, with a mean initial body weight of 255 ± 5.2 g. Fish from the nutritional 

background FM were fed with diets FM100FO and FM75FO, those from the nutritional 
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background PAP were fed with diets PAP100FO and PAP75FO, and those from the nutritional 

background PP were fed with diets PP100FO and PP75FO, over a period of 56 days. Fish were 

stocked in 1000 L circular plastic tanks exposed to natural photoperiod changes through late 

Summer-Autumn conditions (early October till end-November) with water parameters 

varying accordingly (salinity: 34 psu; temperature: 17-23 °C; oxygen content of outlet water 

maintained higher than 6 mg·L-1). Fish were hand-fed to apparent satiety, twice a day. Fish 

were individually weighed at the beginning and bulk weighed at the end of the trial, following 

one day of feed deprivation. Final samplings were done 48 hours following the last meal. Fish 

were slaughtered by immersion in ice-water slurry (4:1) until death. At the end of the trial, 

the dorsal muscle, without skin, from six fish per replicate tank were collected and 2 pools (3 

dorsal muscle samples per pool) were used for analysis of total fat content and fatty acid 

composition. At the start of the trial, two pools of three dorsal muscle from fish of the three 

distinct nutritional backgrounds were also sampled for analysis of their total fat content and 

fatty acid composition. 

 

Analytical methods 

Proximate composition analysis of the diets and whole-fish was made by the following 

procedures: dry matter by drying at 105°C for 24 h; ash by combustion at 550°C for 12 h; 

crude protein (N×6.25) by a flash combustion technique followed by a gas chromatographic 

separation and thermal conductivity detection (LECO FP428, Leco Instruments, USA); crude 

fat after dichloromethane extraction by the Soxhlet method; total phosphorus was 

quantified according to the ISO/DIS 6491 method using the vanado-molybdate reagent; and 

gross energy in an adiabatic bomb calorimeter (model C2000, IKA-Werke GmbH & Co. KG, 

Staufen, Germany). Total lipids in the fillets were extracted according to the method of Folch 

et al. (1957) and subsequently, the fatty acid composition of fillets was determined by gas-

chromatography analysis of methyl esters, according to the procedure of Lepage and Roy 

(1986), modified by Cohen et al. (1988) and described in further detail by Costa et al. (2013).  
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Nutritional Contribution 

The nutritional contribution (NC) of seabream fillets was based on the percentage of the 

Daily Adequate Intake (DAI) for combined EPA and DHA. However, calculations were 

performed on a weekly basis considering two recommended meals, and according to the 

following formula: 

 

NC (%)=100 × 
C ×M

AI
  

 
Where: 
C: mean concentration of nutrient in g·kg-1. 
M: meal fillet portion consumed is 0.160 kg (Costa et al., 2013) x 2-week meals. 
AI for EPA+DHA is 500 mg·d-1 for cardiovascular health in adults (International Society for the Study of Fatty 
Acids and Lipids [ISSFAL], 2004), corresponding to a weekly intake of 3.5g of EPA+DHA. 

 
 
Statistical analysis 

Evaluation criteria data are presented as mean of two replicates  standard deviation. Data 

were subjected to a one-way analysis of variance, with lipid source as variable. When 

appropriate, means were compared by the Student-Newman-Keuls test. Parameters 

expressed as percentages were subjected to arcsin square root transformation. Statistical 

significance was tested at 0.05 probability level. Statistical tests were performed with the 

SPSSV22 software. 

 

Results  

As expected, at the start of the trial, fish fillets from the three distinct nutritional backgrounds 

presented significant variations on their fatty acids profile (Table 6.3). Fillets from inicial fish 

originated from the FM scenario had a significantly lower fat content than those originated 

from PAP and PP (P<0.05). Moreover, initial fillets from the PP scenario had also a 

significantly lower fat content than those originated from PAP (P<0.05). In comparison to FM 

and PP fillets, those originated from the PAP scenario had significantly higher levels of FA and 

MUFA and a lower content of PUFA (P<0.05). Also, initial PP fillets had a significantly higher 
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content of linoleic (LA) and alpha-linolenic (ALA) than FM and PAP fillets (P<0.05). Initial FM 

fillets had significantly higher levels of EPA and DHA than those from PAP and PP (P<0.05). 
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Table 6.3.  Summarised fillet fat and fatty acid composition at the start of the trial (as g per 100 g). 

Fatty acids1 FM  PAP  PP  P value 

Total fat 6.23 ± 0.02 a 7.20 ± 0.02 c 6.71 ± 0.01 b <0.001 
        
Saturated (SFA) 1.80 ± 0.02 b 2.02 ± 0.02 c 1.70 ± 0.04 a 0.003 
Monounsaturated (MUFA) 1.87 ± 0.01 a 2.96 ± 0.02 c 2.44 ± 0.02 b <0.001 
Polyunsaturated (PUFA) 2.56 ± 0.01 b 2.21 ± 0.02 a 2.57 ± 0.03 b 0.001 
C18:2n-6 (LA) 0.39 ± 0.02 a 0.62 ± 0.01 b 0.82 ± 0.03 c 0.001 
C18:3n-3 (ALA) 0.07 ± 0.00 a 0.08 ± 0.01 a 0.37 ± 0.03 b 0.001 
C20:5n-3 (EPA) 0.58 ± 0.02 b 0.37 ± 0.01 a 0.35 ± 0.02 a 0.002 
C22:6n-3 (DHA) 0.66 ± 0.02     b 0.54 ± 0.01 a 0.54 ± 0.05 a 0.036 
EPA+DHA 1.24 ± 0.00 b 0.92 ± 0.02 a 0.89 ± 0.07 a 0.006 

1 All identified fatty acids were considered in the composite fractions. Values are means  standard deviation (n=2). Different superscripts within a row, denotes a 
statistical difference (P<0.05).  

 

At the end of the trial, fish had a final body weight ranging from 300 to 306 g. Feed intake, specific growth rate and feed conversion ratio 

remained unaffected by the dietary treatments (P>0.05) (Table 6.4). The whole-body composition of fish, in terms of moisture, protein, 

fat, ash and energy was not affected by the dietary treatments (P>0.05) (data not shown). 

Table 6.4.  Growth performance at the end of the trial. 

 FM 
100FO 

 FM 
75FO 

 PAP 
100FO 

 PAP 
75FO 

 PP 
100FO 

 PP 
75FO 

 P value 

IBW1, g 254 ± 2  252 ± 2  257 ± 1  261 ± 7  253 ± 3  251 ± 2.7   
FBW2, g 303 ± 3  302 ± 1  300 ± 4  306 ± 4  306 ± 2  302 ± 3  0.275 
SGR3, %/day 0.31 ± 0.03  0.32 ± 0.01  0.28 ± 0.01  0.28 ± 0.03  0.34 ± 0.01  0.33 ± 0.04  0.212 
FCR4 2.33 ± 0.20  2.26 ± 0.03  2.62 ± 0.15  2.48 ± 0.25  2.13 ± 0.02  2.09 ± 0.19  0.108 
FI, % ABW/d 0.73 ± 0.00  0.73 ± 0.01  0.72 ± 0.00  0.70 ± 0.00  0.72 ± 0.01  0.69 ± 0.01  0.158 

Values are means  standard deviation (n=2). 
1 Initial mean body weight. 2 Final mean body weight. 3 Specific growth rate: (Ln FBW – Ln IBW) x 100 /56 days. 4 Feed conversion ratio: dry feed intake / wet weight 
gain. 5 Feed intake: (crude feed intake / (IBW+FBW) / 2 / 56 days) x 100. 
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The fat content and fatty acid composition of the fillets at the end of the trial is presented in Table 6.5. Fish fed diet FM100FO showed 

a significantly lower fillet fat content than those fed diets PAP100FO, PP100FO and PP75FO (P<0.05). Fillets from PAP100FO showed a 

significantly higher level of SFA than those of all other treatments (P<0.05). Fillet MUFA and LA levels were the lowest in fish fed the 

FM100FO and FM75FO diets, intermediate in PP100FO and PP75FO diets and the highest in those fed with the PAP100FO and PAP75FO 

diets. Fillet PUFA levels were lowest in the PAP100FO and PAP75FO fillets. Fillets from fish fed the PP100FO and PP75FO had significantly 

higher ALA levels than those found in all other diets (P<0.05).  Moreover, FM100FO and FM75FO fillets had significantly higher levels of 

EPA and DHA than all other treatments (P<0.05). Additionally, FM100FO fillets had significantly higher levels of EPA and DHA than 

FM75FO fillets (P<0.05). 

 

Table 6.5. Summarised fillet fat and fatty acid composition at the end of the trial (as g per 100 g). 

Fatty acids1 FM 
100FO 

 FM 
75FO 

 PAP 
100FO 

 PAP 
75FO 

 PP 
100FO 

 PP 
75FO 

 P value 

Fat 6.66 ± 0.08 a 6.87 ± 0.06 ab 7.66 ± 0.07 b 7.09 ± 0.08 ab 7.39 ± 0.04 b 7.38± 0.01 b 0.012 
              
SFA 1.80 ± 0.02 a 1.86 ± 0.01 a 2.21 ± 0.10 b 1.86 ± 0.01 a 1.85 ± 0.00 a 1.82 ± 0.00 a <0.001 
MUFA 1.96 ± 0.01 a 2.15 ± 0.01 b 3.02 ± 0.06 e 2.91 ± 0.01 d 2.67 ± 0.03 c 2.61 ± 0.02 c <0.001 
PUFA 2.87 ± 0.04 c 2.83 ± 0.06 c 2.48 ± 0.00 b 2.29 ± 0.03 a 2.90 ± 0.02 cd 2.99 ± 0.00 d <0.001 
C18:2n-6 0.38 ± 0.01 a 0.45 ± 0.00 b 0.66 ± 0.01 d 0.62 ± 0.00 c 0.83 ± 0.00 e 0.89 ± 0.02 f <0.001 
C18:3n-3 0.06 ± 0.00 a 0.07 ± 0.00 a 0.09 ± 0.00 b 0.08 ± 0.00 a 0.35 ± 0.00 c 0.35 ± 0.00 c <0.001 
C20:5n-3 0.69 ± 0.01 e 0.64 ± 0.00 d 0.46 ± 0.01 c 0.40 ± 0.01 a 0.44 ± 0.01 bc 0.41 ± 0.00 ab <0.001 
C22:6n-3 0.95 ± 0.06 c 0.86 ± 0.02 b 0.67 ± 0.01 a 0.65 ± 0.01 a 0.71 ± 0.00 a 0.71 ± 0.01 a <0.001 
EPA+DHA 1.63 ± 0.05 d 1.50 ± 0.01 c 1.12 ± 0.02 b 1.05 ± 0.02 a 1.15 ± 0.02 b 1.12 ± 0.01 b <0.001 

1 All identified fatty acids were considered in the composite fractions. 

Values are means  standard deviation (n=2). 
Different superscripts within a row, denotes a statistical difference (P<0.05).  
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Based on the individual fatty acid intake, fillet biomass gain considering a fillet yield of 42%, and the initial and final fillet fatty acid 

composition, the retention and daily deposition rate of EPA and DHA was calculated (Table 6.6 and Figure 6.1). Retention of dietary EPA 

ranged between 9 and 15%. Fish fed diet PP75FO showed a significantly lower fillet EPA retention (P<0.05), while fish fed FM100FO and 

FM75FO showed a significantly higher fillet EPA retention that those fed all other diets (P<0.05). Within FM and PP nutritional 

backgrounds, the retention of EPA in the fillets was not significantly affected by the two fish-oil finishing strategies (100% fish oil or a 

blend of 75% fish oil and 25% poultry fat). Retention of DHA in fillets varied between 24 and 37%. Fish fed AP100FO showed a significantly 

lower DHA retention than those fed diets FM100FO, FM75FO and PP75FO (P<0.05). Within the various nutritional backgrounds, changes 

on the quality of dietary oil supply had no effect on fillet DHA retention. When considering the combination of EPA and DHA, the 

retention in fillets from FM100FO, FM75FO and PP75FO was significantly higher than that of PAP100FO, PPA75FO and PP100FO (P<0.05). 

Changes on the quality of dietary oil supply had no effect on the combined EPA and DHA retention for FM and PAP backgrounds (P>0.05), 

while in the PP background, the use of a blend of 75% fish oil and 25% poultry fat led to a significantly higher EPA and DHA retention 

than the use of a 100% fish oil (P<0.05). 

 

Table 6.6. Retention, daily deposition and weekly nutritional contribution of EPA and DHA in fillets. 

 FM 
100FO 

 FM 
75FO 

 PAP 
100FO 

 PAP 
75FO 

 PP 
100FO 

 PP 
75FO 

 P value 

Retention1 (% of intake) 
C20:5n-3 14.6 ± 0.2 c 15.3 ± 0.3 c 12.1 ± 0.3 b 9.1 ± 0.8 a 10.9 ± 0.8 b 12.5 ± 0.7 b 0.001 
C22:6n-3 37.0 ± 7.0 b 36.7 ± 2.2 b 24.2 ± 0.3 a 29.9 ± 0.3 ab 27.7 ± 0.4 ab 35.5 ± 2.7 b 0.027 
EPA+DHA 24.2 ± 2.9 b 24.6 ± 0.8 b 17.1 ± 0.3 a 17.9 ± 0.6 a 17.9 ± 0.6 a 22.2 ± 1.5 b 0.004 
              
Deposition (mg·100 g fillet·d-1) 
C20:5n-3 22.7 ± 2.3 c 17.6 ± 0.6 b 17.5 ± 1.4 b 9.5 ± 1.8 a 15.2 ± 1.0 b 13.2 ± 0.5 b 0.001 
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C22:6n-3 43.1 ± 4.5 c 32.7 ± 1.5 b 24.9 ± 1.8 ab 22.9 ± 2.5 a 27.3 ± 0.1 ab 27.2 ± 0.5 ab 0.001 
EPA+DHA 65.8 ± 2.2 d 50.3 ± 0.9 c 42.4 ± 3.2 b 32.4 ± 4.3 a 42.5 ± 1.1 b 40.4 ± 1.0 b <0.001 
              
Weekly Nutritional Contribution2 (% Adequate Intake) 
NC 149 ± 5 d 137 ± 1 c 103 ± 1 ab 96 ± 2 a 105 ± 1 b 103 ± 1 ab <0.001 

Values are means  standard deviation (n=2). 
Different superscripts within a row, denotes a statistical difference (P<0.05).  
1 Retention: 100 x (FBW x final carcass nutrient – IBW x initial carcass nutrient) / nutrient intake. 
2 Weekly nutritional contribution of EPA+DHA as % of the Daily Adequate Intake (DAI) of 500 mg·d-1 (= 3.5 g·week-1) for cardiovascular health in adults (ISSFAL, 
2004).   

 

The daily deposition of EPA in fillets was significantly higher in FM100FO, intermediate in FM75FO, PAP100FO, PP100FO, PP75FO and 

lower in PAP75FO fillets (P<0.05). Within the FM and PAP nutritional backgrounds, the deposition of EPA in fish fed diets with 100% fish 

oil was significantly higher than in those fed with a blend of 75% fish oil and 25% poultry fat (P<0.05). Additionally, the deposition of 

DHA in FM100FO and FM75FO fillets was significantly higher than in PAP75FO (P<0.05). Within the FM nutritional background, the 

deposition of DHA in fish fed diets with 100% fish oil was significantly higher than in those fed with a blend of 75% fish oil and 25% 

poultry fat (P<0.05). Deposition of combined EPA and DHA was highest in FM100FO and FM75FO and significantly lowered in all other 

diets (P<0.05). At the exception of the PP background, the inclusion of 25% poultry fat led to a significant reduction on the fillet 

deposition of combined EPA and DHA in FM and PAP backgrounds (P<0.05).  
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Figure 6.1. Retention (% of intake) and daily deposition (mg·100 g·d-1) of EPA and DHA in 
fillets. 
Values are means  standard deviation (n=2). 
Bars with different superscripts, denotes a statistical difference (P<0.05). 

 

The fillet nutritional contribution (NC) to the recommended adequate intake of EPA and DHA 

is presented in Table 6.6. The weekly consumption of two meal portions of 160 g seabream 

fillets from the FM100FO and FM75FO diets represented 149 and 137% of the recommended 

Adequate Intake for EPA and DHA. In comparison to the FM background fish, those fed with 
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PAP and PP diets showed a significant reduction of its weekly NC to EPA and DHA adequate 

intake (96 to 105%) (P<0.05). While the 100% fish oil diet resulted in a significant increase of 

NC in fish fed the FM background (P<0.05), the reduction of fish oil with the inclusion of 25% 

poultry fat did not affect the NC of EPA and DHA in fillets originated from the PAP and PP 

backgrounds (P>0.05). 

 

Discussion 

The consumption of fish and other seafood products is often associated to health benefits, 

particularly due to their content on n-3 LCPUFA, namely EPA and DHA. Fishmeal and fish oil 

traditionally used in aquafeeds are rich sources of n-3 LCPUFA and contribute significantly to 

the high levels of EPA and DHA generally found in farmed fish. Fish oil is currently the only 

practical and economically viable source of these essential fats for feed purposes. According 

to IFFO - Marine Ingredients Organisation, the global production of fish oil is around 1 million 

tonnes/year and is not expected to increase. Every year roughly 750 000 tonnes of fish oil 

are used in aquaculture feeds. The level of EPA+DHA in fish oil is usually between 15 and 

25%, so with an average content of 20% we would expect 160 000 tonnes EPA+DHA of fish 

oil to be consumed in aquafeeds. Additionally, fishmeal provides 50 000 tonnes EPA+DHA for 

fish feed (based on 3.1 million tonnes of fishmeal containing 8% oil). At present, the 

aquaculture sector therefore consumes an estimated total of 210 000 tonnes of EPA+DHA, 

all originating from the marine environment (Shepherd and Bachis, 2014). 

 

Over the last two decades, aquafeeds showed a significant reduction of fish oil levels and a 

concomitant increase of vegetable oils from rapeseed and soybean. This trend is due to 

uncertain supplies of fish oil coupled with increasing price compared with vegetable oils. At 

the same time the growth of demand for fish oil from the human nutritional supplements 

market (nutraceuticals) is starting to threaten the continuing supply of fish oil for 

aquaculture, which cannot compete on price. As a result, the content of n-3 LCPUFA in fish 

feed and hence in farmed seafood is gradually being reduced, which has potential 

implications, including for the health of farmed fish and final consumers.  
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A significant effort has been devoted to the development of novel sources of n-3 LCPUFAs. 

The first action taken was to increase the available fish oil volumes by increasing the recovery 

from fishery by-products. The proportion of fish meal and fish oil manufactured from 

trimmings by-products of fish processing was approximately 30% in 2013 and is expected to 

reach 40% by 2020 (Shepherd and Bachis, 2014). The exploitation of novel marine resources, 

such as Antarctic krill (Euphasia superba) is under way and krill oil is already being used for 

human consumption, but annual volumes are unlikely to exceed 10 000 tons. High 

expectations rely on the development of microalgae oils rich in EPA and DHA. Currently only 

small quantities of algal oil (10 000 ton/year) containing high levels of EPA and DHA are being 

produced from algae, mainly by fermentation and supplied to the pharmaceutical and 

cosmetic sectors, at prices which are higher than aquaculture could afford to pay. However, 

large-scale microalgae production facilities are being created and the increasing market 

volumes will tend to make algae oils accessible to the feed sector (Turchini et al., 2010). 

Another avenue that is arousing commercial interest is the production of n-3 LCPUFA rich 

oils from genetically modified (GM) oilseeds, such as rapeseed, soybean and Camelina sativa. 

Even if the use of oils derived from genetically modified plants is already being demonstrated 

experimentally (Hixson et al., 2014; Betancor et al., 2016), the large-scale GM plant 

production for extracting n-3 LCPUFA is still at an early stage. Moreover, the future use of 

GMO-derived oils in aquafeeds will surely face a strict scrutiny by regulatory authorities and 

the aquaculture associated supply chains before its permitted commercial use. The interest 

and market potential for these non-marine sources of n-3 LCPUFA rich oils is unquestionable. 

However, the critical question is when they will become commercially relevant in terms of 

volumes and costs for the aquafeed sector. Therefore, in the short-term vegetable oils and 

animal fats will probably continue to be the main choice when replacing fish oil in 

aquaculture diets. 

 

At the end of the trial, the feed intake, specific growth rate, feed conversion ratio and the 

whole-body composition of seabream was not affected by the changes on the dietary oil 
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sources. Previous studies confirm that within reasonable limits (5-10% total oils) the use of 

poultry fat as an alternative dietary lipid source does not impact overall performance criteria 

in several fish species (Bureau and Meeker, 2010; Hatlen et al., 2013: Monteiro et al., 2018).  

However, it is also widely accepted that to a large extent, the fatty acid profile of fish will 

mimic the fatty acid composition of the feed (Izquierdo et al., 2005; Benedito-Palos et al., 

2011). Therefore, the trend towards a replacement of fish oil by alternative lipid sources, 

such as vegetable oils and animal fats, can interfere with the fish nutritional profile and 

consequently lower consumer expected intakes of health valuable nutrients, such as n-3 

LCPUFAs (Sprague et al., 2016; Vasconi et al., 2017; Nichols et al., 2014). According to 

Ytrestøyl et al. (2015), in Atlantic salmon 54% of EPA+DHA intake is loss or catabolized. A 

similar scenario of a relatively low whole-body retention of dietary EPA and DHA has also 

been demonstrated by Glencross et al. (2014). If these retention values are expressed on a 

fillet basis, the direct edible part of salmon, then retention of EPA+DHA is reduced to 26% of 

intake (Ytrestøyl et al., 2015). Our data shows that gilthead seabream fed a 100% fish oil diet 

retained 17 to 24% of dietary EPA+DHA intake. Moreover, similarly to what had been 

reported by Ytrestøyl et al. (2015) in Atlantic salmon, we observed that in seabream the 

retention of DHA (27-37%) was higher than that of EPA (11-15%). This low retention of scarce 

resources such as EPA and DHA compels the aquaculture industry to develop more efficient 

strategies for the utilization of dietary n-3 LCPUFA. 

 

Tissue fatty acid composition is not solely dependent on the quantitative fatty composition 

of feeds, but is affected also by their relative ratios, since it affects their metabolic fate as 

energy substrates, bioconversion potential or de novo synthesis (Glencross et al., 2014). 

Studies with Atlantic salmon showed that equally important to the dietary supply of n-3 

LCPUFA is an increase in the DHA:EPA ratio, which results in enhanced tissue deposition 

efficiency (Codabaccus et al., 2012; Glencross et al., 2014). Moreover, the whole-body 

deposition of n-3 LCPUFA in salmonids was enhanced by increasing the dietary levels of the 

alpha-linolenic acid (ALA, 18:3n-3) (Turchini and Francis, 2009; Nunez-Ortíz et al., 2016) and 

other fatty acid classes, particularly saturated fatty acids (SFA) and monounsaturated fatty 
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acids (MUFA) (Trushenski et al. 2011; Emery et al., 2014; Hixson et al., 2014; Bowzer et al., 

2016; Rombenso et al., 2015; Salini et al., 2017). Additionally, other lipid classes like 

cholesterol have also been associated to higher DHA deposition in rainbow trout 

(Norambuena et al., 2013). In most of these studies, the hypothesis put forward to justify the 

higher retention of n-3 PUFA is the preferential peroxisomal chain shortening (β-oxidation) 

of the SFA and MUFA fractions. 

 

In our study with seabream, we compared the EPA and DHA retention efficacy of high n-3 

LCPUFA diets (100% fish oil) against MUFA and linoleic acid (LA, C18:2n-6) rich diets (a blend 

of 75% fish oil and 25% poultry fat), originated from distinct nutritional backgrounds, namely 

rich in fishmeal and fish oil rich (FM), rich in non-ruminant animal processed proteins and 

with low levels of fish oil (PAP) and rich in plant-protein sources and low levels of fish oil (PP). 

Our results show that enhanced dietary MUFA levels did not affect EPA+DHA retention on 

seabream fillets originated from the FM and PAP nutritional backgrounds, while it was 

significantly enhanced in those originated from the PP nutritional background. The daily gain 

of EPA and DHA in fillets of seabream fed 100% fish oil diets and subjected to FM and PAP 

nutritional backgrounds was significantly higher than in those fed high MUFA diets. However, 

fish subjected to the PP nutritional background showed a similar EPA and DHA daily fillet 

deposition rate. These data show for the first time, that the EPA and DHA sparing efficiency 

by a higher MUFA intake is also conditioned by the variable formulation scenarios to which 

the fish are subjected. The exact reasons for the higher EPA and DHA retention in the PP 

scenario and not in others are difficult to ascertain with certitude. However, the initial fatty 

acid composition of the fish originated from the PP background, namely their considerably 

higher levels of LA and alpha-linolenic acid (ALA, C18:3n-3) may have played a role. Although 

observed in trout and therefore potentially not valid for a marine species like seabream, 

Thanuthong et al. (2011) found that fish fed with an ALA-rich diet presented a 2-fold increase 

in fillet n-3 LCPUFA levels than fish fed a low-ALA diet, which was due to an enhanced 

bioconversion capacity of ALA to DHA, under conditions that ALA was not a limiting substrate. 

Our results with gilthead seabream tend to show that the potential to enhance the sparing 
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and retention of dietary n-3 LCPUFA in fish is mainly centered in DHA and less effective in 

EPA. Numerous studies referred a selective higher retention of DHA in muscle (Bell et al., 

2002; Izquierdo et al., 2005; Mourente and Bell, 2006; Turchini et al., 2010: Glencross et al., 

2014). Possibilities advanced to explain this mechanism were the specificity of fatty acyl 

transferases for DHA (Bell et al., 2001) and the complex system of peroxisomal oxidation 

required by DHA molecule (Bell et al., 2001; Tocher, 2003).        

 

From a consumers’ perspective, seafood nutritional contribution is primarily focused on n-3 

LCPUFA contents. The International Society for the Study of Fatty Acids and Lipids 

recommends a minimum intake of combined EPA and DHA of 500 mg per day (ISSFAL, 2004) 

for cardiovascular preventive effects. Given that fish is generally not consumed daily, we 

have calculated the nutritional contribution (NC) in terms of EPA and DHA on a two-meal 

weekly basis and used a value of 3500 mg EPA+DHA per week as the adequate intake. As 

expected, changes on the dietary fatty acid profile affected the nutritional contribution of 

seabream fillets to the weekly adequate intake of EPA and DHA. The weekly consumption of 

two meal portions of 160 g seabream fillets from the FM100FO and FM75FO diets 

represented 149 and 137%, respectively, of the recommended Adequate Intake for EPA and 

DHA. In comparison to the FM background fish, those fed with PAP and PP diets showed a 

significant reduction of its weekly NC to EPA and DHA adequate intake (96 to 105%). While 

the 100% fish oil diet resulted in a significant increase of NC in fish fed the FM background, 

the reduction of fish oil with the inclusion of 25% poultry fat did not affect the NC of EPA and 

DHA in fillets originated from the PAP and PP backgrounds. 

 

In the overall, this exploratory study demonstrates that retention of combined EPA and DHA 

in seabream fillets is relatively low (17-25% of intake), with DHA showing higher retention 

values that EPA. Moreover, it shows for the first time that the initial fatty acid background of 

fish seems to play a significant role on the EPA and DHA sparing efficiency by a higher MUFA 

intake. The nutritional contribution of seabream fillets from fish fed a 75% fish oil and 25% 

poultry fat diets were suitable to cover weekly recommended intakes in terms of combined 
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EPA and DHA. Given the limited availability of novel n-3 LCPUFA sources, and as part of a 

sustainable solution, the aquaculture industry needs to find new ways to enhance the 

efficiency of deposition of n-3 LCPUFA in fish. 

 

Acknowledgements 

This work was undertaken in the framework of project AquaVALOR – Development of 

aquaculture fish as a functional food: fortification with natural ingredients and reduction of 

allergenicity potential – ref. 31-03-05-FEP-0060 supported by PROMAR Program (Portugal) 

with FEDER funds. Ana Ramalho acknowledges the financial support by FCT/MCTES 

(Portugal) through grant (SFRH/BD/73452/2010).



 

 
 

 

 

 

 

 

 

 

 

 

GENERAL DISCUSSION 
 

Chapter 7 
  



 

 
 

 



General Discussion  Chapter 7 

 

193 
 

To accommodate the forecasts of population growth,  

the world will need to produce 70 to 100% more food by 2050 

 

In the past, the primary solution to food shortages has been to bring more land into 

agriculture, intensify livestock farming and exploit new fish stocks. Yet over the past 5 

decades, while grain production has more than doubled, the amount of land devoted to 

arable agriculture globally has increased by only ~9%. Some new land could be brought into 

cultivation, but the competition for land from other human activities makes this an 

increasingly unlikely and costly solution, particularly if protecting biodiversity and natural 

ecosystems (for example, carbon storage in rainforest) are given higher priority. In recent 

decades, agricultural land that was formerly productive has been lost to urbanization and 

other human uses, as well as to desertification, salinization, soil erosion, and other 

consequences of unsustainable land management. Moreover, there are no major new fishing 

grounds: Virtually all capture fisheries are fully exploited, and most are overexploited. 

 

Thus, the most likely scenario is that more food will need to be produced from the same 

amount of (or even less) resources. This challenge, called “sustainable intensification” 

implies a more efficient use of scarce resources to meet consumer and societal expectations, 

to achieve high animal welfare, optimize environmental impact and deliver a proper income 

for those working in the animal production sector. 

 

Aquatic products (mainly fish, aquatic molluscs, and crustaceans) play a key role in the food 

system, providing nearly 3 billion people with at least 15% of their animal protein intake. 

Aquaculture is one of the most resource-efficient ways to produce protein and this industry 

will be the main supplier of fish and seafood in the coming years. 
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Figure 7.1. Estimate world aquaculture food suply 

Source: Global Aquaculture Alliance 

 

The surge of aquaculture production has triggered concerns about environmental issues, 

such as pollution resulting from effluent discharge, loss of valuable habitats, escape of 

farmed organisms affecting wild-stocks, depletion of wild-living stocks due to the use of wild-

caught juveniles in aquaculture systems, and environmental costs associated to feed raw 

materials and feeding (Duarte et al., 2009; Naylor et al., 2009; Martinez-Porchas and 

Martinez-Cordova, 2012). 

 

As with many other primary food industries, aquaculture is heavily dependent on natural 

resources. Besides water, feed is a primary input for aquaculture. For the main European 

farmed fish species, industrial feeds still comprise a significant component of fishmeal (FM) 

(10-20% of formulas) and fish oil (FO) (5-15% of formulas) derived from industrial capture 

fisheries. These are renewable but finite resources, of which aquaculture is utilizing a 

growing share. Over the last decades, fish nutrition research has devoted a continued effort 

and has made significant progress with respect to improving feeding efficiency and in 

replacing FM and FO by alternative sources. However, this trend is altering the nutritional 

value of edible fish, conditioning the expected beneficial effects for consumers. The most 

significant impact is being observed in the reduced levels of n-3 LCPUFA and microelements 

such as iodine and vitamin D3, of which fish are the main natural food sources. Some of the 

strategies available today to counteract these potential losses of nutritional value of fish 

comprise the use of novel sustainable feed ingredients (e.g. animal processed by-products, 

microalgae, macroalgae, and microbial biomasses), the implementation of natural genetic 
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selection programs to raise fish with higher nutrient retention efficiencies and feed 

fortification with selected health-valuable nutrients.        

Food fortification is an efficient and cost-effective approach to raise the intake of 

shortfall nutrients and mitigate associated deficiencies 

 

Data on the efficacy of nutrient fortification strategies in farmed fish is limited. Throughout 

our work we contributed towards the generation of new data on the efficacy of several feed 

fortification strategies as tools to modulate several traits of farmed fish. Targets were the 

improvement of fish characteristics for consumer benefit and/or better acceptance, namely 

in terms of nutritional value, external appearance, sensory properties and overall quality. 

 

7.1 Consumers’ acceptance of fortified fish 

The assessment of consumers’ perception and receptiveness of a new food item is an 

essential step of the product development process. In our case the use of dietary fortification 

could undermine consumers’ opinion if it was perceived as an unnatural manipulation of fish. 

Within our work, two approaches were used to infer consumers’ acceptance of fortified fish, 

one performed in theoretical terms using an on-line questionnaire and the second based in 

real-time events with sensorial evaluation of fish after the fortification trial.  

 

On-line questionnaires are nowadays the simpler and most cost-effective way to implement 

consumers’ survey with high participation rates (Chapter 2). The main objectives of this 

survey were to assess consumers’ receptiveness to the concept of fortified fish and identify 

relevant health beneficial nutrients worth for a target fortification.  

 

52% of respondents agreed with fish fortification 

and 50% showed willingness to consume fortified fish  

 

Respondents with low interest on fish origin were more receptive to fortification 
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A similar positive opinion concerning fortified seabream was also obtained in a recent survey 

targeting professional users of aquaculture fish (i.e. hotels, schools, etc.), in which it was 

stated a high purchasing intention if the product was currently available in the market 

(Pereira et al., 2016).  Our study showed also that undecided consumers seem to shift into a 

positive opinion depending on the availability of additional contextual knowledge. Several 

participants asked for more information concerning fortification processes and specific 

health benefits obtained by consuming fortified fish. An effective and clear communication 

of farming fortification practices and health benefits were suggested to increase consumers’ 

acceptance of both farmed fish and functional foods (Annunziatta and Vechio, 2013; Siró et 

al., 2008). Communicating fortification in a transparent way, as well as the health benefits 

associated with the consumption of such products, may be an efficient approach to increase 

awareness and trust in the process. 

 

The selection of the fortification compounds seems to be highly relevant. The most elected 

compounds for fortification, omega-3 and anti-oxidants, correspond to a natural pre-existing 

association of fish with omega-3 (Krutulyte et al., 2011). Several studies show the importance 

for consumers, and the higher success of a functional food when enriched with an already 

present nutrient. These factors would dismiss the fear of off-flavours and increase the 

perception of naturalness of final product (Grunert, 2005; 2010). Within the same context, 

the supplementation of fish feeds with algae biomasses, either micro or seaweeds 

(macroalgae), could contribute to a more natural-like image of aquaculture products 

alleviating the manipulation impression that fortification may suggest. 
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Figure 7.2. Consumers’ selectet nutrients for fish fortification 

 

Price also acted as an important determinant regarding purchasing intentions. Consumers 

willing to buy fortified seabream tended to decrease if the product was presented at a higher 

price than traditionally farmed seabream. Several studies describe that consumers are 

increasingly valuing aspects related to enhanced animal-welfare, environmentally 

sustainable farming practices, nutritional and health benefits of farmed fish (Maynard and 

Franklin, 2003; Olesen et al., 2010; Whitmarsh and Palmieri, 2011). 

 

Overall data from our survey, indicates that fortification is a promising tool to diversify 

the commercialization of farmed seabream into niche market segments 

 

However, attention should be paid to consumer expectations towards an increase of 

price and the image of unnatural manipulation 

 

The positive receptiveness towards fortified fish prompt us to conduct a set of experimental 

feeding trials targeting the fillet fortification of gilthead seabream and rainbow trout with 

several health beneficial nutrients. Therefore, the second approach used to evaluate 

consumer’s acceptance of fortified fish comprised the sensory evaluation of fish by a trained 

panel after every experimental fortification trial. In a broad sense, the trials comprised the 
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fortification of gilthead seabream and rainbow trout fillets with various sources, doses and 

forms of iodine and selenium (Chapter 3); various forms and doses of vitamin D3 (Chapter 

4); and various doses of fucoxanthin, a natural antioxidant carotenoid supplied by the 

microalgae (Phaeodactylum tricornutum) (Chapter 6). Despite some distinctions among the 

methods used for the various sensorial assessment tests, the main evaluated attributes were 

typical odour, flavour, white colour and texture.  

 

Overall results showed that trained panels found no differences on organoleptic 

properties of fortified fillets in comparison with respective control groups 

 

Fortification strategies used along our studies did not jeopardize consumers’ 

expectations towards seabream and trout sensory traits 

 

 

7.2 Strategies to fortify seabream and trout muscle  

The fortification strategies were planned based on relevant aquaculture species and 

pertinent fortification nutrients. Two major cultivated species in Europe: a freshwater 

species – rainbow trout and a marine species – gilthead seabream, were chosen by their 

distinct physiologic characteristics, which allowed comparing and observing differences on 

muscle deposition as response to increased dietary levels of several nutrients. 

 

The fortification nutrients were selected based on two criteria: 

▪ Identified by consumer survey: antioxidants (fucoxanthin); 

▪ Nutrients with relevant health beneficial effects: vitamin D3, iodine and selenium, 

whose concentrations in fish might be reduced due to a lower use of fishmeal and 

fish oil in aquafeeds; and are currently associated to an inadequate status in several 

segments of the human population.  
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Moreover, it was considered important to whenever possible evaluate the use of natural 

rich-sources of each nutrient (e.g. macroalgae for iodine, yeast for selenium and microalgae 

for fucoxanthin). Not only because of its potential higher bio-efficacy in fish but also to 

promote a broader concept of sustainable and natural-like products, highly appealing to 

consumers. 

 

IODINE FORTIFICATION 

In comparison to the control diet, with an iodine level usually found in commercial feeds (2.4 

mg/kg feed), both potassium iodide and the organic salt ethylenediamine dihydroiodide 

supplemented at the maximum authorised level (20 mg/kg feed), resulted in a 1.3-fold 

increase of iodine content in seabream fillets (Chapter 3).   

 

 

 

 

At similar supplementation levels, the maximum fillet iodine content found in seabream 

(0.17 mg/kg) was higher than that found in trout (0.12 mg/kg), which is probably associated 

to the physiological needs for homeostasis of freshwater and marine fish.  

 

No saturation on iodine muscle levels is apparently observed, at least with the tested doses, 

even after supplementing a mega dietary dose of 10% Laminaria digitata in seabream. In 

The dietary use of an iodine-rich brown algae Laminaria digitata was a highly effective 

strategy to significantly enhance the iodine content in seabream and trout fillets 

 

Feeding seabream with a diet containing 

10% of Laminaria digitata led to a 6.5-

fold increase of fillet iodine content 

 

In trout, a diet containing 0.4% of 

Laminaria digitata resulted in a 6-fold 

increase of fillets iodine content in 

relation to control fish 
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adult Atlantic salmon fed with graded dietary levels of potassium iodide (KI) a threshold was 

also not displayed (Julshamn et al., 2006). In the same trial, and as observed in seabream 

experiment, feed fortification did not result in proportional increased concentrations in 

muscle. Based on the described experimental studies, it seems that fish do accumulate iodine 

in the muscle with increased dietary levels, but deposition rate does not proportionally 

respond to the intake levels, independently of the iodine source used. Moreover, even when 

exceeding the maximum authorised level in fish feeds, it was not possible to reach the muscle 

iodine values found in several wild species (Julshamn et al., 2001; Maage et al., 1991). 

Differences on the bioavailability or metabolic role between iodine forms, species, size, 

duration of feeding and surrounding water may also influence iodine deposition in fish. 

Efficacy of dietary iodine fortification strategies may be more dependent on the targeted fish 

species than on iodine source used. 

Consumers often perceive natural raw materials and additives as inherently better and 

healthy, while artificial chemicals in food are associated with higher risk perception (Dickson-

Spillmann et al., 2011). A consumer survey performed in Germany, UK and Italy showed a 

general high acceptance for foods with seaweed ingredients (Buehrlen et al., 2005). 

However, it is worth mentioning that brown macroalgae, such as Laminaria digitata, 

although perceived as a natural product and a rich source of health valuable nutrients (e.g. 

iodine), may also contain elevated levels of some toxic metals such as arsenic (As) and 

cadmium (Cd), which may limit their use as feed ingredients. A recent study assessed the 

potential risks of macroalgae harvested in Norwegian waters when used as feed materials 

and food for animals and humans (Duinker et al., 2016). Their data showed that several 

macroalgae species, and particularly brown algae, exceeded the current maximum permitted 

levels of Cd and As, clearly limiting their use as ingredients in animal feeds, including fish. 

However, the high variability on As and Cd levels associated to the geographical origin of the 

macroalgae and the lower toxicity of organic As forms generally occurring in these marine-

derived products are aspects that require further studies to fully elucidate the potential risks 

associated to their use. 
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SELENIUM FORTIFICATION 

In comparison to the control diet, with a total selenium level usually found in commercial 

feeds (0.25 mg/kg feed), the use of a selenium-rich yeast supplemented at the maximum 

authorised total selenium level in the European market (0.5 mg/kg feed) was an effective 

strategy to enhance the deposition of selenium in the fillets of rainbow trout (Chapter 3).   

 

In trout, a diet supplemented with 

0.1% of selenised-yeast resulted in a 

2.9-fold increase of fillets selenium 

content in relation to control fish 

 

Available literature data from land-based animals (e.g. poultry) suggested a potential 

synergistic effect of iodine on selenium deposition in the muscle (Bargellini et al., 2008). We 

also tested this hypothesis, but a concomitant supplementation with iodine and selenium did 

not result in additional deposition of iodine and/or selenium in rainbow trout fillets. 

 

VITAMIN D3 FORTIFICATION 

Fortification of fish muscle with vitamin D3 dietary supplementation is, apparently, a more 

complex process presenting variable results (Chapter 4). In our studies, raising dietary 

vitamin D3 from a basal level of 42 µg/kg and 31 µg/kg (trout and seabream control diets, 

respectively) to the maximum permitted level of 75 µg/kg did not significantly enhance fillet 

vitamin D3 contents, which ranged 92-121 µg/kg in trout fillets and 43-57 µg/kg in seabream 

fillets. 

 

 

Within the maximum authorised 

level in fish feeds, an increase of 

dietary vitamin D3 was not an 

effective strategy to significantly 

fortify trout and seabream fillets 

with vitamin D3 
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Several studies evidence a large variation on the vitamin D3 fillet concentrations within the 

same fish species (Mattila et al., 1995; Lu et al., 2007; Schmid and Walther, 2013), even when 

fed an identical diet (Mattila et al., 1999). Literature data suggests that increased 

concentrations of vitamin D3 in salmon muscle were only positively correlated with a feed 

fortification strategy, when dietary levels ranged from 32 to 800 times higher than the ones 

used in our studies (Graff et al., 2002; Horvli, Lie and Aksnes, 1998). Absolute values of 

muscle vitamin D3 content in trout were double of those found in seabream. Being a 

liposoluble vitamin, the higher dietary fat levels as well as the increased fat content in trout 

muscle compared to seabream may condition the magnitude of vitamin D3 deposition in fish 

muscle. 

 

Micronutrients are part of countless molecules, including enzymes and hormones, and play 

determinant roles in numerous physiological processes. Micronutrients are responsible for 

the adequate minerals flow, such as calcium and phosphorus that regulates bone health. 

Therefore, its deposition in muscle are dependent on a delicate balance between the 

organism needs and its excess, sometimes toxic at very high levels. When considering muscle 

fortification with dietary micronutrients, it is essential to regard the requirement of the 

individual element, potential interactions with other inorganic elements and nutrients, the 

metabolic level in various tissues, and minerals present in the surrounding environment, as 

well as the species, age, and sex of the fish (Lall, 2003). 

 

Regarding the consumers’ perspective of fortification trials, the natural/organic sources used 

were equally or more efficacious than the synthetic ones and are then considerate as an 

adequate alternative. Knowing that European consumers showed a general high acceptance 

for foods with seaweed ingredients (Buehrlen et al., 2005), the use of algae as part of a 

dietary bio-fortification strategy of farmed fish shows great potential in delivering tailored 

fish with health valuable nutrients to consumers. 
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7.3 Improving the retention of n-3 LCPUFA 

Marine-derived raw materials traditionally used in aquafeeds (e.g. fishmeal and fish oil) are 

rich sources of n-3 LCPUFA, and therefore contribute significantly to the high levels of EPA 

and DHA generally found in farmed fish. However, due to environmental and economic 

constraints, the aquaculture industry has made a successful shift towards the use of feeds 

based on alternative ingredients of vegetable origin (Turchini et al., 2009; Torstensen and 

Tocher, 2010; Waite et al., 2014). Current industrial aquafeeds generally contain a blend of 

vegetable oils, fish oils (and in some cases animal fats). Although variable with species, 

growth stage and season, it is estimated that fish oil is currently maintained at approximately 

30% of the total dietary oil(s) supply. New sources of EPA and DHA are currently being 

evaluated (Turchini et al., 2010; Betancor et al., 2016; Spargue et al., 2017), being the interest 

and market potential for these non-marine sources of n-3 LCPUFA rich oils unquestionable. 

However, the critical question is when will they become commercially relevant in terms of 

volumes and costs for the aquafeed sector. In the short-term fish oil will continue to be the 

sole source of n-3 LCPUFA in commercial fish feeds and vegetable oils will probably be the 

main choice for replacing fish oil. 

 

To a large extent, the fatty acid profile of fish muscle mimics the fatty acid composition of 

the feed. Therefore, the trend towards a replacement of fish oil by alternative lipid sources, 

such as vegetable oils and animal fats, is interfering with the fish nutritional profile and 

consequently lowering consumer expected intakes of health valuable nutrients, such as n-3 

LCPUFAs. 
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Figure 7.3. Changes on the EPA and DHA content (g/100g) in fish fillets between the years 
2000’ and 2015. 
Source: Nifes (2016), Sprague et al. (2016), Nichols et al. (2014), Vasconi et al. (2017) 

 

An important aspect is the relatively low retention of dietary EPA and DHA found in fish. In 

Atlantic salmon, 46% of EPA+DHA intake is retained in the whole-body, which conversely 

represents a 54% loss or catabolism of the dietary supply (Glencross et al., 2014; Ytrestøyl et 

al., 2015). If these retention values are expressed on a fillet basis, the direct edible part of 

salmon, then retention of EPA+DHA is reduced to 26% of intake (Ytrestøyl et al., 2015). This 

low retention of scarce resources such as EPA and DHA compels the aquaculture industry to 

search for more efficient strategies for the utilization of dietary n-3 LCPUFA. 

 

To tackle this low retention of dietary EPA and DHA in fish, our work was not directly focused 

on a fortification concept, but rather focused on a nutritional strategy to foster the metabolic 

sparing of n-3 LCPUFA in gilthead seabream fillets (Chapter 5). The fatty acid composition of 

tissues is not solely dependent on the quantitative fatty composition of feeds, but is affected 

also by their relative ratios, since it affects their metabolic fate as energy substrates, 

bioconversion potential or de novo synthesis. Previous studies, mainly with salmonids, show 

also that feeds rich in saturated fatty acids (SFA), monounsaturated fatty acids (MUFA), 

alpha-linolenic acid (ALA, 18:3n-3), or even cholesterol yielded a better efficiency on the 

retention of n-3 LCPUFA (Codabaccus et al., 2012; Turchini and Francis, 2009; Nunez-Ortíz et 
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al., 2016; Rombenso et al., 2015; Salini et al., 2017; Tocher, 2015). In most of these studies, 

the hypothesis used to justify the higher retention of n-3 PUFA is the preferential 

peroxisomal chain shortening (β-oxidation) of the SFA and MUFA fractions. 

 

In our study with seabream, we compared the EPA and DHA retention efficiency of high n-3 

LCPUFA diets (100% fish oil) against MUFA and linoleic acid (LA, C18:2n-6) rich diets (a blend 

of 75% fish oil and 25% poultry fat). Moreover, given the large variations that exist in the 

formulation of commercial seabream feeds, the efficacy of these two oil blends was assessed 

in fish previously fed with distinct formulation scenarios (namely rich in fishmeal and rich in 

fish oil  (FM), rich in non-ruminant animal processed proteins and with low levels of fish oil 

(PAP) and rich in plant-protein sources and low levels of fish oil (PP)), and therefore with 

variable initial fillet fatty acid compositions. 

 

 

 

 

 

 

7.4 Improving skin pigmentation  

In markets where fish is commercialized as whole-fish, visual cues such as body shape, 

external pigmentation patterns and perception of freshness are considered important 

consumer purchasing determinants (Vasconcellos et al. 2013; Colihueque and Araneda 

2014). As observed in our questionnaire (Chapter 2), freshness, quality and flavour were the 

most valorised attributes of fish. By improving the external pigmentation of aquaculture fish, 

it is possible to positively impact on consumers’ receptiveness and product market value 

(Sacton, 1986; Vasconcellos et al., 2013). 

Retention of combined EPA and 

DHA in seabream fillets is 

relatively low (17-25% of intake) 

Retention of DHA is generally 

more than double that of EPA 

 The initial fatty acid composition of fish seems to play a significant role on the EPA and 

DHA sparing efficiency by a higher MUFA intake, since a significant increase on EPA and 

DHA retention was only observed in fish originated from the PP nutritional background 
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A study was undertaken to assess the potential of microalgae biomass from the diatom 

Phaeodactylum tricornutum as a functional ingredient in seabream feeds (Chapter 5). This 

marine diatom is characterized by high levels of EPA and fucoxanthin, an orange-coloured 

antioxidant carotenoid (Rebolloso-Fuentes et al. 2001; Peng et al. 2011; Kim et al. 2012). 

Phaeodactylum tricornutum incorporation at 2.5% had no effect on growth performance and 

no impact on odour, flavour, whiteness, and fatness perception in cooked seabream fillets. 

However, microalgae-fed fish showed a reduction of whole-body fat, probably occurring at 

the level of perivisceral fat (a preferential fat deposition site in seabream), since no 

differences were found on the fillet fat content. Fucoxanthin, the major carotenoid present 

in Phaeodactylum tricornutum has been associated with lower accumulation of abdominal 

white adipose tissue in rodents (Ha and Kim, 2013; Maeda, 2015; Peng et al., 2011). In these 

studies, fucoxanthin was linked to a depression of lipogenic enzyme activity and an increase 

in fatty acid oxidation. Whether the lipid-lowering effect of microalgae feeds in seabream is 

associated to the dietary fucoxanthin content requires further studies. 

 

 

Being an emergent industry, microalgae biomasses are not yet cost-competitive as bulk 

ingredients in current aquafeeds (Chauton et al., 2015; Williams and Laurens, 2010). 

However, the future presents new consumer-driven challenges that are shifting the focus 

away from cost minimization production strategies, towards enhanced consumer confidence 

and product value. Therefore, microalgae biomasses may have a great potential in the animal 

feed sector as a functional ingredient (products incorporated in the feed to convey a benefit 

Colour analysis showed that algae-fed 

seabream had a more vivid yellow 

pigmentation of the operculum and a 

lighter colouration of ventral skin 

An untrained consumer panel showed a 

clear preference for algae-fed fish when 

compared with those fed a commercial 

diet 
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above and beyond fulfilling the basic nutritional needs). The feed industry is constantly 

seeking innovative nutritional ingredients that could add value (nutritional or other) to their 

traditional feeds during sensitive periods of the production cycle or specific situations 

resulting from farming practices. Microalgae can serve these needs, since they show a high 

nutritional value, but are also perceived as part of the natural feeding habits of fish and 

therefore contribute to the sustainable and nature-like image of farmed fish. 

 

7.5 Modulating the nutritional contribution of fish 

Being a rich source of important nutrients, including highly digestible proteins, vitamins (A, 

D, niacin and B12), trace minerals (iodine, selenium) and n-3 LCPUFA (EPA and DHA), eating 

fish is considered to be a healthy dietary choice (EFSA, 2015d). The Dietary Reference Intakes 

(DRIs) are nutrient reference values that serve as guidelines for a given nutrient which must 

be consumed on a regular basis (generally daily) to maintain a healthy condition. The 

nutritional value of a given food item is often presented as its contribution, on a typical meal 

portion, to fulfil the DRI of a specific nutrient. Moreover, in the European market, a food item 

can be labelled as “source of” if it supplies 15% of the DRI in 100g of product and “high in” if 

it supplies more than 30% of DRI.   

 

Along the various trials with seabream and trout, the nutritional contribution of the 

traditional and fortified fish was calculated for several health-valuable nutrients such as 

iodine, selenium, vitamin D3 and n-3 LCPUFA (EPA and DHA). In all calculations and supported 

by literature data, we have considered an average meal portion size of 160 grams fillets 

(assuming a 40% fillet yield in a market size fish of 400 grams). 
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Figure 7.4. Nutritional contribution of trout 
and seabream fortified fillets (160g) to Daily Recommended Intake. 

 

However, when inferring the nutritional value of a food item, we should not forget that the 

exact intake values of a given nutrient can be affected by culinary methods. Although only 

assessed in the iodine fortification trial with seabream, we observed that steam-cooking 

caused an average iodine loss of 13% in fillets of the Laminaria-fed fish and 20% in the control 

treatment. Moreover, an important message to consumers is that the consumption of fish 

fillets with skin may increase the ingested amount of iodine and therefore improve its 

nutritional contribution to an adequate intake level. 

 

A 160 g meal of fortified trout fillets 

contributes to the Daily Recommended 

Intake of: 

▪ selenium (98%) 
▪ vitamin D3 (>100%) 
▪ iodine (13%) 

Fortified trout could be labelled as “high 

in selenium and high in vitamin D3” under 

the EFSA definition for a functional food 

 

 

A 160 g meal of fortified seabream fillets 

contributes to the Daily Recommended 

Intake of: 

▪ vitamin D3 (60%) 
▪ iodine (84%) 

When fed the 10% Laminaria diet, 

fortified seabream could be labelled as 

“high in iodine and high in vitamin D3” 

under the EFSA definition for a functional 

food 
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The fortification strategies enhanced the nutritional contribution of seabream and trout 

fillets in health beneficial compounds, such as iodine and selenium, resulting in novel 

products, candidates to the functional foods market 

 

From a consumers’ perspective, seafood nutritional contribution is primarily focused on n-3 

LCPUFA contents. The International Society for the Study of Fatty Acids and Lipids 

recommends a minimum intake of combined EPA and DHA of 500 mg per day (ISSFAL, 2004) 

for cardiovascular preventive effects. 

 

 

 

 

 

 

 

In the various fortification 

trials the nutritional 

contribution of trout and 

seabream fillets (160 g 

serving) to the daily 

adequate intake of 

combined EPA and DHA 

was well above 

recommended levels 

Trout 

  

 

 

 

 

 

 

 
Seabream 

 

 

 

 

 

 
 

Figure 7.5. Nutritional contribution of trout and seabream fillets (160 g serving) to EPA and 
DHA Daily Recommended Intake 
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Seabream  

 

 

 

 

 

 

 

 

Figure 7.6. (continuation) Nutritional contribution of trout and seabream fillets (160g 
serving) to EPA and DHA Daily Recommended Intake 

 

This data on the nutritional contribution of farmed trout and seabream to the daily adequate 

intake of combined EPA and DHA, should be put into a consumer perspective, since fish is 

not usually part of a daily consumption pattern. If we recalculate the same data on a weekly 

basis, we can see that consuming one serving per week of fish from the best-case scenario 

would be enough to guarantee the weekly adequate EPA and DHA intake, while with fish 

from the worst-case scenario, the adequate intake would only be covered with 2.5 meals per 

week. 

 

Figure 7.7. Number of fish servings (160 g) required to obtain a weekly intake of 3.5g 
EPA+DHA (ISSFAL, 2004) 

When seabream from 

various backgrounds (FM, 

PAP and PP) were fed diets 

with a 25% replacement of 

fish oil by poultry fat, their 

nutritional contribution 

(160 g serving) to the daily 

adequate intake of 

combined EPA and DHA 

was kept high 
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To guarantee the feasibility and success of a fish fortification strategy by changing the 

composition of the feeds, special attention should also be paid to a set of criteria associated 

to its implementation at the industrial level. The supplemental raw materials or additives 

should be easily available in the market, minimize the increase in formulation costs, comply 

with all legal framework and should not implicate radical changes on traditional 

manufacturing process. Within the various scenarios tested, the potential for industrial 

development of the selenium and iodine fortification strategies is high and without any clear 

barriers. However, the use of 2.5% Phaeodactylum, the fucoxanthin-rich microalgae, is 

clearly not feasible at this moment given the strong impact on formulation costs and the 

anticipated difficulties on a reliable quantitative supply of this raw material. 

 

Table 7.1. Fortification strategies scenarios for industrial application 

Fortification scenario 
Selenium 

Yeast 
Iodine 

Macroalgae 
Fucoxanthin 
Microalgae 

Traditional feed formulation cost, €/ton 1000.00 1000.00 1000.00 
Functional additive, €/kg 14.70 8.12 20.00 
Incorporation rate, % 0.01 0.40 2.50 
Supplementation cost, €/ton 1.47 32.91 500.00 
Fortified feed formulation cost, €/ton 1001.47 1032.91 1500.00 
Risk associated to cost increase LOW LOW HIGH 
    
Effects on stability of feed components NO NO NO 
Need to alter manufacture process NO NO NO 
Market availability of functional additive YES YES Unknown 
Legal compliance guaranteed YES YES YES 
    
Potential for industrial development HIGH HIGH LOW 
GO/NO GO decision on development GO GO NO GO 

 

Although some trade-offs must be made while pursuing the sustainable intensification of 

aquaculture, achieving a continuously evolving balance on the cost-effective production of 

high quality and safe fish, with high environmental standards is a stimulating challenge for 

the aquafeed industry.
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Conclusions 

Due to the rising demand for nutritious, safe and sustainable seafood products (fish and 

shellfish), aquaculture is predicted to be a major contributor in fulfilling the nutritional needs 

of future generations. 

 

The dietary modulation of fish feeds directly impacts the nutritional quality of fish fillets and 

available nutrients for consumers. Simultaneously, care must be taken about consumers’ 

perception of fortification strategies in farmed fish. 

  

The work undertaken in this thesis highlights the following conclusions: 

➢ Consumers seem to be positively receptive to the concept of fortified fish. 50 % of 
the enquiries would buy and consume seabream fortified with health beneficial 
compounds. 

➢ The farmed fortified fish should be aimed to younger consumers with a profile more 

receptive to farmed fish and that also valorise flavour and convenience aspects of 

food products. 

➢ The efficacy of fortification strategies is a multifactorial process, shown to be 
dependent on the nutrient selected, dose supplied and species. Feed fortification, at 
the levels applied, did not impaired animal growth performance and feed utilization. 

➢ The fortification strategies used successfully increased seabream and trout muscle 
levels in iodine and selenium, strongly improving farmed fish nutritional value. The 
daily recommended values for these nutrients would be totally or at least to a large 
extent covered with the consumption of a 160 g fillet dose. 

➢ Although economically not yet feasible in economical terms, seabream fed a diet 
supplemented with 2.5 % of Phaeodactylum tricornutum microalgae, presented a 
more vivid operculum pigmentation and their external appearance was positively 
scored by an untrained consumer panel. 

➢ We have shown for the first time in seabream, that the retention of combined EPA 
and DHA in fillets is relatively low (17-25% of intake), with DHA being retained at 
much higher levels than EPA. Moreover, it was demonstrated that the initial fatty acid 
composition of fish seems to play a significant role on the EPA and DHA sparing 
efficiency by a higher MUFA intake. 
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➢ Using a combination of 75% fish oil with 25% poultry fat did not jeopardise the 
nutritional value of seabream fillets was still high and could cover the daily 
recommended intake of combined EPA and DHA for prevention of cardiovascular 
diseases. 

 

This thesis generated relevant knowledge on fish fortification strategies that may be readily 

applicable on current production practices in aquaculture, originating novel products with 

high nutritional value. 
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Future Perspectives 

The world will be very different in 2050: the global population will likely increase to nine 

billion, and about 50% more food will be needed to sustain the quality of human life. As one 

of the most efficient food production systems, aquaculture is undoubtedly part of the 

solution, not only from a nutritional point of view, but also from economic and social 

standpoints. 

 

Minimizing the health burden of specific nutrient deficiencies, such as those of minerals and 

some vitamins is technically and economically feasible through the fortification of fish feeds 

and consequently of the fish. However, current levels of selected micronutrients in fish feeds 

are defined based on their adequate coverage of the nutritional and welfare requirements 

of fish and in some cases limited by the potential detrimental impact to the environment. 

 

We believe that consumers dietary needs and expectations must gain relevancy when 

formulating tomorrow’s aquafeeds  

 

The total seafood supplied by aquaculture will increase from 66.6 million tons in 2015 to 

approximately 100 million tons in 2030. The global aquafeed market was estimated at 39.9 

million tons in 2017 and is forecasted to double by 2025. However, the basis for this growth 

of the aquaculture sector are not yet guaranteed. Future limitations on the access and 

scarcity of freshwater compels aquaculture to grow in a marine environment. In this context, 

we should not forget that both EPA and DHA are essential fatty acids for marine fish species 

and therefore need to be supplied by the feed. We urgently need to identify new sustainable 

sources of proteins and n-3 LCPUFA-rich oils to sustain the predicted growth of aquaculture.   

 

Several novel ingredients are emerging as alternative protein sources (e.g. microalgae 

biomasses, insect meals, methanotrophic bacteria, lignocellulosic fermentation bacteria, 

yeasts biomasses, etc.). The impact of these emerging raw materials on the various aspects of 

fish quality and specially those associated to the health of consumers needs to be assessed. 
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Additionally, some of these novel protein sources are easily tailored in specific nutrients 

(mainly minerals and vitamins) during their production process. Therefore, the development 

of these new ingredients should integrate the aquafeed industry needs, to jointly define the 

specifications for selected health valuable nutrients. 

 

From a consumers’ perspective, seafood nutritional contribution is primarily focused on n-3 

LCPUFA contents. Fish oil is currently the only practical and economically viable source of 

these essential fats for feed purposes. Over the last two decades, aquaculture has grown due 

to a significant reduction of fish oil levels in feeds and a concomitant increase of vegetable 

oils. Future growth under this scenario will surely lower the content of n-3 LCPUFA in farmed 

seafood, with detrimental implications for consumers health. The scarcity of EPA and DHA is 

probably the most critical challenge that aquaculture will have to face. 

   

To tackle this challenge, both academia and industry are devoting a significant research effort 

on the development and evaluation of new sources of EPA and DHA (e.g. oils from 

microalgae, microbial biomasses, transgenic plants, mesopelagic fisheries). Although not 

economically viable at the moment, the market potential for these novel sources of n-3 

LCPUFA rich oils is unquestionable and knowledge generation that supports the growth of 

these products is needed.  

 

The low retention dietary EPA and DHA in fish tissues (around 45% at the whole-body level, 

and 20-25% in edible fillets) is a topic that deserves further studies. Optimization of the 

dietary balance between n-3 LCPUFA and the fractions of saturated and monounsaturated 

fatty acids in order to enhance the sparing of EPA and DHA by fish is an approach that has the 

potential to significantly reduce the need for fish oil, while minimizing the losses of EPA and 

DHA content in fish. Additionally, the genetic selection of strains of farmed marine fish with 

enhanced capacities for n-3 LCPUFA biosynthesis and retention: or the metabolic 

programming of fish by epigenetic mechanisms, to lower their n-3 LCPUFA requirements, are 

interesting avenues for future research.  
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Today, there is still is a clear separation between studies conducted by fish nutritionists, in 

which a set of biochemical criteria tend to define the nutritional value of fish in the context 

of consumers health, and those conducted by human nutritionists that separately assess the 

potential effects of fish consumption in several aspects of human health. Although both 

experts in their fields of action, they probably only grasp the full implications and constraints 

of each other work. A closer interaction between fish and human nutritionists could lead to 

better definition of the ideal thresholds for specific nutrients with relevancy to human health 

and help jointly define feed specifications and farming practices to attain it.               

 

As shown in our work, feed fortification can be a useful tool to increase fish nutritional value 

and deliver a food item with improved quality and increased beneficial properties to 

consumer health and well-being. If done with a minimal impact on production costs, such 

solutions could be implemented in mainstream markets without major risks. However, if 

properly managed in terms of a clear and effective communication strategy, these fortified 

fish could also enter the growing market of functional foods, contributing to the differentiation 

and innovation of aquaculture products. 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 
 

Chapter 9 
 



 

 
 

 

  



References  Chapter 9 

 

223 
 

Abdel-Tawwab, M., Ahmad, M.H., 2009. Live Spirulina (Arthrospira platensis) as a growth and 
immunity promoter for Nile tilapia, Oreochromis niloticus (L.), challenged with 
pathogenic Aeromonas hydrophila. Aquaculture Research 40, 1037-1046. 
doi:10.1111/j.1365-2109.2009.02195.x 

American Dietetic Association, 1999. Position of the American Dietetic Association on 
functional foods. Journal of the American Dietetic Association 99(10), 1278-1285. doi: 
10.1016/s0002-8223(99)00314-4 

American Dietetic Association, 2005. Position of the American Dietetic Association on 
Fortification and Nutritional Supplements. Journal of the American Dietetic Association 
105, 1300-1311. 

Aguayo, A., Grau, G., Vela, A., Aniel-Quiroga, A., Espada, M., Martul, P., Castaño, L., Rica, I., 
2013. Urinary iodine and thyroid function in a population of healthy pregnant women in 
the North of Spain. Journal of Trace Elements in Medicine and Biology 27, 302-306. 
doi.org/10.1016/j.jtemb.2013.07.002 

Alasalvar, C., Taylor, K.D.A., Öksüz, A., Garthwaite, T., Alexis, M.N., Grigorakis, K., 2001. 
Freshness assessment of cultured sea bream (Sparus aurata) by chemical, physical and 
sensory methods. Food Chemistry 72, 33-40 

Alipour, H.J., Shabanpoor, B., Shabani, A., Mahoonak, A.S., 2010. Effects of cooking methods 
on physico-chemical and nutritional properties of Persian sturgeon Acipenser persicus 
fillet. International Aquatic Research 2, 15-23. 

Altintzoglou, T., Verbeke, W., Vanhonacker, F., Luten, J., 2010. The image of fish from 
aquaculture among europeans: impact of exposure to balanced information. Journal of 
Aquatic Food Product Technology 19, 103-119. doi: 10.1080/10498850.2010.492093 

Altintzoglou, T., Vanhonacker, F., Verbeke, W., & Luten, J., 2011. Association of health 
involvement and attitudes towards eating fish on farmed and wild fish consumption in 
Belgium, Norway and Spain. Aquaculture International 19(3), 475-488. doi: 
10.1007/s10499-010-9363-2 

American Academy of Pediatrics, 2012. Breastfeeding and the use of human milk. Pediatrics. 
129 (3) e827-e841. doi: 10.1542/peds.2011-3552 

Andersen, S., Hvingel, B., Laurberg, P., 2002. Iodine content of traditional Greenlandic food 
items and tap water in East and West Greenland. International Journal of Circumpolar 
Health 61, 332-340. 

Andersson, M., Karumbunathan, V., Zimmermann, M.B., 2012. Global Iodine Status in 2011 
and Trends over the Past Decade. The Journal of nutrition 142, 744-750. 
10.3945/jn.111.149393 

Annunziata, A., Vecchio, R., 2011. Functional foods development in the European market: A 
consumer perspective. Journal of Functional Foods 3, 223-228. 



References  Chapter 9 

 

224 
 

Annunziata, A., Vecchio, R., 2013. Consumer perception of functional foods: A conjoint 
analysis with probiotics. Food Quality and Preference 28, 348-355. doi: 
http://dx.doi.org/10.1016/j.foodqual.2012.10.009 

Arechavala-Lopez, P., Fernandez-Jover, D., Black, K.D., Ladoukakis, E., Bayle-Sempere, J.T., 
Sanchez-Jerez, P., Dempster, T., 2013. Differentiating the wild or farmed origin of 
Mediterranean fish: a review of tools for sea bream and sea bass. Reviews in 
Aquaculture, 5, 137-157. doi:10.1111/raq.12006 

Ares, G., Gámbaro, A., 2007. Influence of gender, age and motives underlying food choice on 
perceived healthiness and willingness to try functional foods. Appetite 49, 148-158. 
doi.org/10.1016/j.appet.2007.01.006 

Badiani, A., Stipa, S., Bitossi, F., Pirini, M., Bonaldo, A., Gatta, P.P., Rotolo, M., Testi, S., 2013. 
True retention of nutrients upon household cooking of farmed portion-size European 
sea bass (Dicentrarchus labrax L.). LWT-Food Science and Technology 50, 72-77. 
doi.org/10.1016/j.lwt.2012.06.026 

Barazi-Yeroulanos, L., 2010. Synthesis of Mediterranean marine finfish aquaculture – a 
marketing and promotion strategy. Studies and Reviews. General Fisheries Commission 
for the Mediterranean. Vol. 88 pp. 198. Rome: FAO. 

Bargellini, A., Marchesi, I., Rizzi, L., Cauteruccio, L., Masironi, R., Simioli, M., Borella, P., 2008. 
Selenium interactions with essential and toxic elements in egg yolk from commercial and 
fortified eggs. Journal of Trace Elements in Medicine and Biology 22, 234-241. 
http://dx.doi.org/10.1016/j.jtemb.2008.03.004 

Bath, S.C., Steer, C.D., Golding, J., Emmett, P., Rayman, M.P., 2013. Effect of inadequate 
iodine status in UK pregnant women on cognitive outcomes in their children: results 
from the Avon Longitudinal Study of Parents and Children (ALSPAC). The Lancet. 382, 
331-337. doi:10.1016/S0140-6736(13)60436-5 

Bearth, A., Cousin, M.-E., Siegrist, M., 2014. The consumer’s perception of artificial food 
additives: Influences on acceptance, risk and benefit perceptions. Food Quality and 
Preference 38, 14-23. 

Bech-Larsen, T., Grunert, K.G., 2003. The perceived healthiness of functional foods: A 
conjoint study of Danish, Finnish and American consumers' perception of functional 
foods. Appetite 40, 9-14. doi: http://dx.doi.org/10.1016/S0195-6663(02)00171-X 

Bech-Larsen, T., Scholderer, J., 2007. Functional foods in Europe: consumer research, market 
experiences and regulatory aspects. Trends in Food Science and Technology 18(4), 231-
234. doi: http://dx.doi.org/10.1016/j.tifs.2006.12.006 

Bell, J.G., Henderson, R.J., Tocher, D.R., McGhee, F., Dick, J.R., Porter, A., Smullen, R.P., 
Sargent, J.R., 2002. Substituting fish oil with crude palm oil in the diet of Atlantic Salmon 
(Salmo salar) affects muscle fatty acid composition and hepatic fatty acid metabolism. 
Journal of  Nutrition 132, 222-230. 

http://dx.doi.org/10.1016/S0195-6663(02)00171-X
http://dx.doi.org/10.1016/j.tifs.2006.12.006


References  Chapter 9 

 

225 
 

Bell, J.G., McEvoy, J., Tocher, D.R., McGhee, F., Campbell, P.J., Sargent, J.R., 2001. 
Replacement of fish oil with rapeseed oil in diets of Atlantic salmon (Salmo salar) affects 
tissue lipid compositions and hepatocyte fatty acid metabolism. Journal of Nutrition, 
131, 1535-1543. 

Bell, J.G., Tocher, D.R., Henderson, R.J., Dick, J.R., Crampton, V.O., 2003. Altered fatty acid 
compositions in Atlantic salmon (Salmo salar) fed diets containing linseed and rapeseed 
oils can be partially restored by a subsequent fish oil finishing diet. The Journal of 
nutrition 133, 2793-2801. 

Bendiksen, E.Å., Johnsen, C.A., Olsen, H.J., Jobling, M., 2011. Sustainable aquafeeds: Progress 
towards reduced reliance upon marine ingredients in diets for farmed Atlantic salmon 
(Salmo salar L.). Aquaculture 314, 132-139. 

Benedito-Palos, L., Navarro, J.C., Bermejo-Nogales, A., Saera-Vila, A., Kaushik, S., Pérez-
Sánchez, J., 2009. The time course of fish oil wash-out follows a simple dilution model in 
gilthead sea bream (Sparus aurata L.) fed graded levels of vegetable oils. Aquaculture 
288, 98-105. 

Benedito-Palos, L., Navarro, J.C., Sitjà-Bobadilla, A., Gordon Bell, J., Kaushik, S., Pérez-
Sánchez, J., 2008. High levels of vegetable oils in plant protein-rich diets fed to gilthead 
sea bream (Sparus aurata L.): growth performance, muscle fatty acid profiles and 
histological alterations of target tissues. British Journal of Nutrition 100, 992-1003. 

Benedito-Palos, L., Bermejo-Nogales, A., Karampatos, A.I., Ballester-Lozano, G.F., Navarro, 
J.C., Diez, A., Bautista, J.M., Bell, J.G., Tocher, D.R., Obach, A., Kaushik, S., Pérez-Sánchez, 
J., 2011. Modelling the predictable effects of dietary lipid sources on the fillet fatty acid 
composition of one-year-old gilthead sea bream (Sparus aurata L.). Food Chemistry, 124, 
538-544.doi: https://doi.org/10.1016/j.foodchem.2010.06.066 

Berr, C., Akbaraly, T., Arnaud, J., Hininger, I., Roussel, A.M., Barberger Gateau, P., 2009. 
Increased selenium intake in elderly high fish consumers may account for health benefits 
previously ascribed to omega-3 fatty acids. Journal of Nutrition, Health and Aging 13, 14-
18. doi: 10.1007/s12603-009-0003-3 

Betancor, M.B., Sprague, M., Montero, D., Sayanova, U.O., Campbell, P.J., Napier, J.A., 
Caballero, M.J., Izquierdo, M., Tocher, D.R., 2016. Replacement of marine fish oil with 
de novo omega-3 oils from transgenic Camelina sativa in feeds for gilthead sea bream 
(Sparus aurata L.). Lipids 51: 1171–1191. 

Bhan, A., Rao, A.D., Rao, D.S., 2010. Osteomalacia as a result of vitamin D deficiency. 
Endocrinology and Metabolism Clinics of North America 39, 321-331. 

Bjerkeng, B., 2000. Carotenoid pigmentation of salmonid fishes -recent progress. In: Cruz -
Suárez, L.E., Ricque-Marie, D., TapiaSalazar, M., Olvera-Novoa, M.A. y Civera-Cerecedo, 
R., (Eds.). Avances en Nutrición Acuícola V. Memorias del V Simposium Internacional de 
Nutrición Acuícola, 19-22 Noviembre, 2000. Mérida, Yucatán. 



References  Chapter 9 

 

226 
 

Bogue, J., Collins, O., Troy, A. J., 2017. Chapter 2 - Market analysis and concept development 
of functional foods, in: Bagchi, D., Nair, S. (Eds.), Developing New Functional Food and 
Nutraceutical Products. Academic Press (Elsevier), San Diego, pp. 29-45. 

Børrensen, T., 1992. Quality aspects of wild and reared fish. In H. H. Huss, M. Jacobsen, & J. 
Liston (Eds.), Quality assurance in the food industry, Amsterdam, Elsevier. pp. 1–17. 

Bowzer, J., Jackson, C., Trushenski, J., 2016. Hybrid striped bass feeds based on fish oil, beef 
tallow, and eicosapentaenoic acid/docosahexaenoic acid supplements: insight regarding 
fish oil sparing and demand for -3 long-chain polyunsaturated fatty acids. Journal of 
Animal Science 94: 978-88 

Bredahl, L., Grunert, KG., 1997. Determinants of the consumption of fish and shellfish in 
Denmark: an application of the theory of planned behaviour, in: Luten, J. B., Børresen, 
T., Oehlenschläger, J. (Eds.), Seafood from Producer to Consumer, Integrated Approach 
to Quality. Elsevier Science, Amsterdam, pp. 21-30. 

Brunsø, K., 2003. Consumer research on fish in Europe, in: Luten, J. B., Oehlenschlaeger, J., 
Olafsdottir, A. S. (Eds.), Quality of fish from catch to consumer. Wageningen academic 
publisher, Wageningen, pp. 335-344. 

Brunsø, K., Verbeke, W., Ottar Olsen, S., Fruensgaard Jeppesen, L., 2009. Motives, barriers 
and quality evaluation in fish consumption situations. British Food Journal 111, 699-716. 
doi: doi:10.1108/00070700910972387 

Buehrlen, B., Canavari M., Breitschopf B., 2005. Determinants of consumer preferences 
towards functional foods with seaweed ingredients. Presented at '97th EAAE Seminar 
on The Economics and Policy of Diet and Health', University of Reading (UK), April 21-22, 
2005 

Burdge, G.C., Calder, P.C., 2005. Linolenic acid metabolism in adult humans: the effects of 
gender and age on conversion to longer-chain polyunsaturated fatty acids. European 
Journal of Lipid Science and Technology 107, 426–439. 

Bureau, D.P., Meeker, D.L., 2010. Terrestrial Animal Fats, in: Turchini, G., Ng, W.-K., Tocher, 
D.R. (Eds.), Fish oil replacement and alternative lipid sources in aquaculture feeds. CRC 
Press, Boca Raton, FL, pp. 245-266. 

Burr, G.S., Wolters, W.R., Barrows, F.T., Hardy, R.W., 2012. Replacing fishmeal with blends of 
alternative proteins on growth performance of rainbow trout (Oncorhynchus mykiss), 
and early or late stage juvenile Atlantic salmon (Salmo salar). Aquaculture 334–337, 110-
116. 

Calder, P.C., 2012. Mechanisms of Action of (n-3) Fatty Acids. The Journal of nutrition 142, 
592S-599S. 

Calder, P.C., 2013. Omega-3 polyunsaturated fatty acids and inflammatory processes: 
nutrition or pharmacology? British Journal of Clinical Pharmacology 75, 645-662. 

Campos, J. A. D. B., Zucoloto, M. L., Bonafé, F. S. S., Jordani, P. C., Maroco, J., 2011. Reliability 
and validity of self-reported burnout in college students: A cross randomized 



References  Chapter 9 

 

227 
 

comparison of paper-and-pencil vs. online administration. Computers in Human 
Behavior, 27(5), 1875-1883. doi: http://dx.doi.org/10.1016/j.chb.2011.04.011 

Cardinal, M., Cornet, J., Donnay-Moreno, C., Gouygou, J.P., Bergé, J.P., Rocha, E., Soares, S., 
Escórcio, C., Borges, P., Valente, L.M.P., 2011. Seasonal variation of physical, chemical 
and sensory characteristics of sea bream (Sparus aurata) reared under intensive 
conditions in Southern Europe. Food Control 22, 574-585. doi: 
http://dx.doi.org/10.1016/j.foodcont.2010.10.007 

Cardoso, C., Lourenço, H., Costa, S., Gonçalves, S., Nunes, M. L., 2013. Survey into the 
seafood consumption preferences and patterns in the Portuguese population. Gender 
and regional variability. Appetite, 64(0), 20-31. doi: 
http://dx.doi.org/10.1016/j.appet.2012.12.022 

Cardoso, C., Lourenço, H., Costa, S., Gonçalves, S., Nunes, M. L., 2016. Survey into the 
seafood consumption preferences and patterns in the Portuguese population: 
education, age, and health variability. Journal of Food Products Marketing 22(4), 421-
435. doi: 10.1080/10454446.2014.949982 

Carvalho, M.L., Santiago, S., Nunes, M.L., 2005. Assessment of the essential element and 
heavy metal content of edible fish muscle. Analytical and Bioanalytical Chemistry 382, 
426-432. doi:10.1007/s00216-004-3005-3 

Cashman, K.D., 2015. Vitamin D: dietary requirements and food fortification as a means of 
helping achieve adequate vitamin D status. The Journal of Steroid Biochemistry and 
Molecular Biology 148, 19-26. doi: http://dx.doi.org/10.1016/j.jsbmb.2015.01.023 

Cashman, K.D., Dowling, K.G., Škrabáková, Z., Gonzalez-Gross, M., Valtueña, J., De Henauw, 
S., Moreno, L., Damsgaard, C.T., Michaelsen, K.F., Mølgaard, C., Jorde, R., Grimnes, G., 
Moschonis, G., Mavrogianni, C., Manios, Y., Thamm, M., Mensink, G.B.M., Rabenberg, 
M., Busch, M.A., Cox, L., Meadows, S., Goldberg, G., Prentice, A., Dekker, J.M., Nijpels, 
G., Pilz, S., Swart, K.M., van Schoor, N.M., Lips, P., Eiriksdottir, G., Gudnason, V., Cotch, 
M.F., Koskinen, S., Lamberg-Allardt, C., Durazo-Arvizu, R.A., Sempos, C.T., Kiely, M., 
2016. Vitamin D deficiency in Europe: pandemic? American Journal of Clinical Nutrition, 
103(4), 1033-1044. doi:10.3945/ajcn.115.120873 

Cashman, K.D., Duffy, S., Hayes, A., Seamans, K., Kerry, J., Kelly, A., Jakobsen, J., O'Doherty, 
J., 2015. Biofortification of eggs and pork with vitamin D as a means of increasing dietary 
supply. FASEB Journal 29(1), 758.13  

Cashman, K.D., Fitzgerald, A.P., Kiely, M., Seamans, K.M., 2011. A systematic review and 
meta-regression analysis of the vitamin D intake–serum 25-hydroxyvitamin D 
relationship to inform European recommendations. British Journal of Nutrition 106, 
1638-1648. doi: doi:10.1017/S0007114511005058 

Cashman, K. D., Kiely, M., 2014. Recommended dietary intakes for vitamin D: where do they 
come from, what do they achieve and how can we meet them? Journal of Human 
Nutrition and Dietetics 27(5), 434-442. doi: 10.1111/jhn.12226 

http://dx.doi.org/10.1016/j.chb.2011.04.011
http://dx.doi.org/10.1016/j.appet.2012.12.022


References  Chapter 9 

 

228 
 

Cerezuela, R., Guardiola, F., Meseguer, J., Esteban, M.Á., 2012a. Enrichment of gilthead 
seabream (Sparus aurata L.) diet with microalgae: effects on the immune system. Fish 
Physiology and Biochemistry 38, 1729-1739. doi:10.1007/s10695-012-9670-9. 

Cerezuela, R., Guardiola, F.A., González, P., Meseguer, J., Esteban, M.Á., 2012b. Effects of 
dietary Bacillus subtilis, Tetraselmis chuii, and Phaeodactylum tricornutum, singularly or 
in combination, on the immune response and disease resistance of sea bream (Sparus 
aurata L.). Fish and Shellfish Immunology 33, 342-349.  
doi:http://dx.doi.org/10.1016/j.fsi.2012.05.004 

Chaiyapechara, S., Casten, M.T., Hardy, R.W., Dong, F.M., 2003. Fish performance, fillet 
characteristics, and health assessment index of rainbow trout (Oncorhynchus mykiss) fed 
diets containing adequate and high concentrations of lipid and vitamin E. Aquaculture 
219, 715-738. 

Chan, W.K.M., Hakkarainen, K., Faustman, C., Schaefer, D.M., Scheller, K.K., Liu, Q., 1996. 
Dietary vitamin E effect on color stability and sensory assessment of spoilage in three 
beef muscles. Meat Science 42, 387-399. doi: http://dx.doi.org/10.1016/0309-
1740(95)00055-0 

Chatzifotis, S., Vaz Juan, I., Kyriazi, P., Divanach, P., Pavlidis, M., 2011. Dietary carotenoids 
and skin melanin content influence the coloration of farmed red porgy (Pagrus pagrus). 
Aquaculture Nutrition 17, e90-e100. doi:10.1111/j.1365-2095.2009.00738.x 

Chauton, M.S., Reitan, K.I., Norsker, N.H., Tveterås, R., Kleivdal, H.T., 2015. A techno-
economic analysis of industrial production of marine microalgae as a source of EPA and 
DHA-rich raw material for aquafeed: Research challenges and possibilities. Aquaculture 
436, 95-103. doi:http://dx.doi.org/10.1016/j.aquaculture.2014.10.038 

Chowdhury, R., Stevens, S., Gorman, D., Pan, A., Warnakula, S., Chowdhury, S., Ward, H., 
Johnson, L., Crowe, F., Hu, F.B., Franco, O.H., 2012. Association between fish 
consumption, long chain omega 3 fatty acids, and risk of cerebrovascular disease: 
systematic review and meta-analysis. BMJ 345 (e6698). doi: 10.1136/bmj.e6698 

CIELab, 1976. Official recommendations on uniform colour space, colour difference 
equations and metric colour terms. Suppl. No. 2 to CIE Publication No.15, Colorimetry. 
Commission International de l'Eclairage, Paris 

Clandinin, M.T., Cheema, S., Field, C.J., Garg, M.L., Venkatraman, J., Clandinin, T.R., 1991. 
Dietary fat: exogenous determination of membrane structure and cell function. The 
FASEB Journal 5, 2761-2769. 

Claret, A., Guerrero, L., Ginés, R., Grau, A., Hernández, M. D., Aguirre, E., Peleteiro, J.B., 
Fernández-Pato, C., Rodríguez-Rodríguez, C., 2014. Consumer beliefs regarding farmed 
versus wild fish. Appetite 79(0), 25-31. 
doi: http://dx.doi.org/10.1016/j.appet.2014.03.031 

Codabaccus, B.M., Carter, C.G., Bridle, A.R., Nichols, P.D., 2012. The “n−3 LC-PUFA sparing 
effect” of modified dietary n−3 LC-PUFA content and DHA to EPA ratio in Atlantic salmon 
smolt. Aquaculture 356–357, 135-140. 

http://dx.doi.org/10.1016/0309-1740(95)00055-0
http://dx.doi.org/10.1016/0309-1740(95)00055-0
http://dx.doi.org/10.1016/j.appet.2014.03.031


References  Chapter 9 

 

229 
 

Cohen, Z., Vonshak, A., Richmond, A., 1988. Effect of environmental conditions on fatty acid 
composition of the red alga Porphyridium cruentum: correlation to growth rate. Journal 
of Phycology 24, 328-332. 10.1111/j.1529-8817.1988.tb04474.x 

Colihueque, N., Araneda, C., 2014. Appearance traits in fish farming: progress from classical 
genetics to genomics, providing insight into current and potential genetic improvement. 
Frontiers in Genetics 5, 251. doi:10.3389/fgene.2014.00251. 

Costa, S., Afonso, C., Bandarra, N.M., Gueifão, S., Castanheira, I., Carvalho, M.L., Cardoso, C., 
Nunes, M.L., 2013. The emerging farmed fish species meagre (Argyrosomus regius): How 
culinary treatment affects nutrients and contaminants concentration and associated 
benefit-risk balance. Food and Chemical Toxicology 60, 277-285. 
doi.org/10.1016/j.fct.2013.07.050 

Costa, S., Afonso, C., Cardoso, C., Batista, I., Chaveiro, N., Nunes, M.L., Bandarra, N.M., 2015. 
Fatty acids, mercury, and methylmercury bioaccessibility in salmon (Salmo salar) using 
an in vitro model: Effect of culinary treatment. Food Chemistry 185, 268-276. 

Cotter, P. A., McLean, E., Craig, S. R., 2009. Designing fish for improved human health status. 
Nutrition and Health 20(1), 1-9. doi: 10.1177/026010600902000101 

Daniels, J.L., Longnecker, M.P., Rowland, A.S., Golding, J., 2004. Fish intake during pregnancy 
and early cognitive development of offspring. Epidemiology 15 (4), 394-402. 

Danish Food Composition Databank. http://www.foodcomp.dk/v7/fcdb_default.asp. 
Accessed between 8 and August 30, 2016.  

Dantagnan, P., Hernández, A., Borquez, A., Mansilla, A., 2009. Inclusion of macroalgae meal 
(Macrocystis pyrifera) as feed ingredient for rainbow trout (Oncorhynchus mykiss): 
effect on flesh fatty acid composition. Aquaculture Research 41, 87-94. 10.1111/j.1365-
2109.2009.02308.x 

Dawson-Hughes, B., Harris, S. S., Lichtenstein, A. H., Dolnikowski, G., Palermo, N. J., 
Rasmussen, H., 2015. Dietary fat increases vitamin D-3 absorption. Journal of the 
Academy of Nutrition and Dietetics 115(2), 225-230. doi: 
http://dx.doi.org/10.1016/j.jand.2014.09.014 

Denis, I., Potier, B., Heberden, C., Vancassel, S., 2015. Omega-3 polyunsaturated fatty acids 
and brain aging. Current Opinion in Clinical Nutrition and Metabolic Care 18, 139-146. 

Department of Agriculture, Department of Health and Human Services, 2010. Dietary 
Guidelines for Americans, 7th ed. U.S. Government Printing Office, Washington, DC. 

Devcich, D.A., Pedersen, I.K., Petrie, K.J., 2007. You eat what you are: Modern health worries 
and the acceptance of natural and synthetic additives in functional foods. Appetite 48, 
333-337. doi:http://dx.doi.org/10.1016/j.appet.2006.09.014 

Dias, J., Conceição, L.E.C., Ribeiro, A.R., Borges, P., Valente, L.M.P., Dinis, M.T., 2009. Practical 
diet with low fish-derived protein is able to sustain growth performance in gilthead 
seabream (Sparus aurata) during the grow-out phase. Aquaculture 293, 255-262. 

http://www.foodcomp.dk/v7/fcdb_default.asp


References  Chapter 9 

 

230 
 

Dickson-Spillmann, M., Siegrist, M., Keller, C., 2011. Attitudes toward chemicals are 
associated with preference for natural food. Food Quality and Preference 22, 149-156. 
doi:http://dx.doi.org/10.1016/j.foodqual.2010.09.001 

Dierick, N., Ovyn, A., De Smet, S., 2009. Effect of feeding intact brown seaweed Ascophyllum 
nodosum on some digestive parameters and on iodine content in edible tissues in pigs. 
Journal of the Science of Food and Agriculture 89, 584-594. doi: 10.1002/jsfa.3480 

Diplock, A.T., Aggett, P.J., Ashwell, M., Bornet, F., Fern, E.B., Roberfroid, M.B., 1999. Scientific 
concepts of functional foods in Europe: consensus document. British Journal of Nutrition 
81, S1-S27. doi: doi:10.1079/BJN19990002 

Doucha, J., Lívanský, K., Kotrbáček, V., Zachleder, V., 2009. Production of Chlorella biomass 
enriched by selenium and its use in animal nutrition: a review. Applied Microbiology and 
Biotechnology 83(6), 1001-1008. doi: 10.1007/s00253-009-2058-9 

Du, M., Ahn, D.U., 2002. Effect of dietary conjugated linoleic acid on the growth rate of live 
birds and on the abdominal fat content and quality of broiler meat. Poultry Science 81, 
428-433. 

Dugan, M.E., Aalhus, J.L., Kramer, J.K., 2004. Conjugated linoleic acid pork research. The 
American Journal of Clinical Nutrition 79, 1212S-1216S. 

Duinker, A., Roiha, I.S., Amlund, H., Dahl, L., Lock, E.J., Kögel, T., Måge, A., Lunestad, B.T., 
2016. Potential risks posed by macroalgae for application as feed and food - a Norwegian 
perspective. Technical Report National Institute of Nutrition and Seafood Research 
(NIFES), 24 pp. 

Dyall, S., 2015. Long-chain omega-3 fatty acids and the brain: A review of the independent 
and shared effects of EPA, DPA and DHA. Frontiers in Aging Neuroscience 7, 52. 

EC, 2006. Regulation No. 1924/2006 of the European Parliament and of the Council of 20 
December 2006 on nutrition and health claims made on foods. Official Journal L 404, 9-
25.  

EC, 2010. Directive 2010/63/EU of The European Parliament and of the Council of 22 
September 2010 On the protection of animals used for scientific purposes. Official 
Journal L 276, 33-79. 

EC, 2017. Commission Implementing Regulation (EU) 2017/1492 of 21 August 2017 
concerning the authorisation of cholecalciferol as a feed additive for all animal species. 
Official Journal of the European Union, L 216, p. 19–22. 

Eckhoff, K.M., Maage, A., 1997. Iodine content in fish and other food products from east 
africa analyzed by ICP-MS. Journal of Food Composition and Analysis 10, 270-282.  
doi.org/10.1006/jfca.1997.0541 

EFSA Panel on Additives and Products or Substances used in Animal Feed, 2005. Opinion of 
the Scientific Panel on Additives and Products or Substances used in Animal Feed on the 
request from the Commission on the use of iodine in feedingstuffs. EFSA Journal. 168, 
1-42. 



References  Chapter 9 

 

231 
 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2009a. Scientific 
Opinion on the substantiation of health claims related to iodine and thyroid function and 
production of thyroid hormones (ID 274), energy-yielding metabolism (ID 274), 
maintenance of vision (ID 356), maintenance of hair (ID 370), maintenance of nails (ID 
370), and maintenance of skin (ID 370) pursuant to Article 13(1) of Regulation (EC) No 
1924/2006 on request from the European Commission. EFSA Journal 7, 1214 (17 pp). 
doi:10.2903/j.efsa.2009.1214 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2009b. Scientific 
Opinion on the substantiation of health claims related to selenium and protection of 
DNA, proteins and lipids from oxidative damage (ID 277, 283, 286, 1289, 1290, 1291, 
1293, 1751) , function of the immune system (ID 278), thyroid function (ID 279, 282, 
286, 1289, 1290, 1291, 1293), function of the heart and blood vessels (ID 280), prostate 
function (ID 284), cognitive function (ID 285) and spermatogenesis (ID 396) pursuant to 
Article 13(1) of Regulation (EC) No 1924/2006 on request from the European 
Commission. EFSA Journal 7(9),1220, 24 pp. doi:10.2903/j.efsa.2009.1220. 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2010. Scientific 
Opinion on the substantiation of health claims related to vitamin D and normal function 
of the immune system and inflammatory response (ID 154, 159), maintenance of normal 
muscle function (ID 155) and maintenance of normal cardiovascular function (ID 159) 
pursuant to Article 13(1) of Regulation (EC) No 1924/2006. EFSA Journal 8(2):1468. [17 
pp.]. doi:10.2903/j.efsa.2010.1468. 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2012a. Scientific 
Opinion on Dietary Reference Values for protein. EFSA Journal 2012;10(2):2557, 66 pp. 
doi:10.2903/j.efsa.2012.2557 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2012b. Scientific 
Opinion related to the Tolerable Upper Intake Level of eicosapentaenoic acid (EPA), 
docosahexaenoic acid (DHA) and docosapentaenoic acid (DPA). EFSA Journal, 
10(7):2815, pp 48. doi:10.2903/j.efsa.2012.2815 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2014a. Scientific 
Opinion on health  benefits  of  seafood  (fish  and  shellfish)  consumption  in  relation  
to  health  risks  associated  with  exposure  to methylmercury. EFSA Journal 2014, 
12(7):3761, 80 pp. doi:10.2903/j.efsa.2014.3761 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2014b. Scientific 
Opinion on Dietary Reference Values for iodine. EFSA Journal, 12(5), 3660, pp. 57. doi: 
10.2903/j.efsa.2014.3660 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2014c. Scientific 
Opinion on Dietary Reference Values for selenium. EFSA Journal, 12(10), 3846, pp. 
67.doi:10.2903/j.efsa.2014.3846 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2014d.  Scientific 
Opinion on Dietary Reference Values for zinc. EFSA Journal, 12(10), 3844, pp. 76. 
doi:10.2903/j.efsa.2014.3844 



References  Chapter 9 

 

232 
 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2015a. Scientific 
opinion on Dietary Reference Values for magnesium. EFSA Journal, 13(7), 4186, 63 pp. 
doi: 10.2903/j.efsa.2015.4186 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2015b.  Scientific 
opinion on Dietary Reference Values for vitamin A. EFSA Journal, 13(3), 4028, pp. 84. 
doi:10.2903/j.efsa.2015.4028 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2015c.  Scientific 
Opinion on the substantiation of a health claim related to vitamin D and contribution to 
the normal function of the immune system pursuant to Article 14 of Regulation (EC) No 
1924/2006.  EFSA Journal, 13(5), 4096,  pp. 7. doi:10.2903/j.efsa.2015.4096 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2015d. Scientific 
Opinion on Dietary Reference Values for iron. EFSA Journal 2015;13(10):4254, 115 pp. 
doi:10.2903/j.efsa.2015.4254 

EFSA Scientific Committee, 2015d. Statement on the benefits of fish/seafood consumption 
compared to the risks of methylmercury in fish/seafood. EFSA Journal 13(1):3982, pp36. 
doi:10.2903/j.efsa.2015.3982 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2016a. Scientific 
opinion on dietary reference values for potassium. EFSA Journal 2016;14(10):4592, 56 
pp. doi:10.2903/j.efsa.2016.4592 

EFSA NDA Panel (EFSA Panel on Dietetic Products, Nutrition and Allergies), 2016b. Scientific 
opinion on dietary reference values for vitamin D. EFSA Journal 2016;14(10):4547,145 
pp. doi:10.2903/j.efsa.2016.4547 

Elia, A.C., Prearo, M., Pacini, N., Dörr, A.J.M., Abete, M.C., 2011. Effects of selenium diets on 
growth, accumulation and antioxidant response in juvenile carp. Ecotoxicology and 
Environmental Safety 74, 166-173. 

Elvevoll, E.O., Barstad, H., Breimo, E.S., Brox, J., Eilertsen, K.-E., Lund, T., Olsen, J.O., Østerud, 
B., 2006. Enhanced incorporation of n−3 fatty acids from fish compared with fish oils. 
Lipids 41, 1109-1114. 

Emery, J.A., Smullen, R.P., Turchini, G.M., 2014. Tallow in Atlantic salmon feed. Aquaculture 
422–423: 98-108. 

Emre, Y., Ergün, S., Kurtoğlu, A., Güroy, B., Güroy, D., 2013. Effects of Ulva meal on growth 
performance of Gilthead seabream (Sparus aurata) at different levels of dietary lipid. 
Turkish Journal of Fisheries and Aquatic Sciences 13, 841-846. doi: 10.4194/1303-2712-
v13_5_08 

Ergün, S., Soyutürk, M., Güroy, B., Güroy, D., Merrifield, D., 2009. Influence of Ulva meal on 
growth, feed utilization, and body composition of juvenile Nile tilapia 
(Oreochromis niloticus) at two levels of dietary lipid. Aquaculture International 17, 355-
361. 



References  Chapter 9 

 

233 
 

Erkan, N., 2011. Iodine content of cooked and processed fish in Turkey. International Journal 
of Food Science & Technology 46, 1734-1738. doi:10.1111/j.1365-2621.2011.02684.x 

Erkan, N., Özden, Ö., 2007. Proximate composition and mineral contents in aqua cultured 
sea bass (Dicentrarchus labrax), sea bream (Sparus aurata) analyzed by ICP-MS. Food 
Chemistry 102, 721-725. doi.org/10.1016/j.foodchem.2006.06.004 

Ernst and Young, 2009. Study on the supply and marketing of fishery and aquaculture 
products in the European Union. Executive Summary. (34p). Available at: 
http://ec.europa.eu/fisheries/documentation/studies/study_market/fap_exec_summa
ry_en.pdf 

EUMOFA, 2015. The EU fish market. Published by Directorate -General for Maritime Affairs 
and Fisheries of the European Commission. Brussels. 72 pp. (Accessed online on 20 May 
2016). 
https://www.eumofa.eu/documents/20178/66003/EN_The+EU+fish+market_Ed+2015
.pdf/4cbd01f2-cd49-4bd1-adae-8dbb773d8519 

Evans, J.R., Mathur, A., 2005. The value of online surveys. Internet Research 15(2), 195 – 219. 
http://dx.doi.org/10.1108/10662240510590360 

Fajardo, A.R., Cerdán, L.E., Medina, A.R., Fernández, F.G.A., Moreno, P.A.G., Grima, E.M., 
2007. Lipid extraction from the microalga Phaeodactylum tricornutum. European Journal 
of Lipid Science and Technology 109, 120-126. doi:10.1002/ejlt.200600216. 

FAO, 2010. Fats and fatty acids in human nutrition: Report of an expert consultation. FAO 
Food and Nutrition Paper 91. Rome. 166 pp. 

FAO, 2012. The State of World Fisheries and Aquaculture. Food and Agriculture Organization 
of the United Nations, Rome, pp. 209. 

FAO, 2014a. The State of World Fisheries and Aquaculture 2014. Rome. 223 pp. 

FAO, 2014b. FAO Yearbook - Fishery and Aquaculture Statistics. Summary tables - World 
aquaculture production by species groups. Available at: 
http://www.fao.org/fishery/docs/STAT/summary/default.htm.  

FAO, 2015. Food Outlook: Biannual report on global food markets - May 2015. Rome: FAO 
Trade and Markets Division. 136 pp. 

FAO, 2016. The State of World Fisheries and Aquaculture 2016 – contributing to food security 
and nutrition for all. Food and Agriculture Organization of the United Nations. Rome. 
200 pp. Available at: http://www.fao.org/3/a-i5555e.pdf 

FAO, 2018a. The State of World Fisheries and Aquaculture 2018 – Meeting the sustainable 
development goals. Food and Agriculture Organization of the United Nations. Rome. 227 
pp. Available at: http://www.fao.org/3/i9540en/I9540EN.pdf 

FAO, 2018b. FAO yearbook. Fishery and Aquaculture Statistics 2016/FAO annuaire. 
Statistiques des pêches et de l’aquaculture 2016/ FAO anuario. Estadísticas de pesca y 
acuicultura 2016. Rome. 104pp 

http://ec.europa.eu/fisheries/documentation/studies/study_market/fap_exec_summary_en.pdf
http://ec.europa.eu/fisheries/documentation/studies/study_market/fap_exec_summary_en.pdf
http://dx.doi.org/10.1108/10662240510590360


References  Chapter 9 

 

234 
 

FAOSTAT, 1990. Food Balance Sheets: fish and seafood per capita supply in 1990. Accessed 
8 August 2018 from http://faostat3.fao.org/download/FB/FBS/E 

FAOSTAT, 2011. Food Balance Sheets: fish and seafood per capita supply in 2011. Accessed 
13 January 2015 from http://faostat3.fao.org/download/FB/FBS/E 

FAO, WHO, 2011. Report of the Joint FAO/WHO Expert Consultation on the Risks and Benefits 
of Fish Consumption. Rome, Food and Agriculture Organization of the United Nations; 
Geneva, World Health Organization. 50 pp. 

FEAP, 2015. FEAP Annual Report 2015. Liege. 38 pp. 

Finley, J.W., 2006. Bioavailability of Selenium from Foods. Nutrition Reviews 64, 146-151. 

Flagg, L. A., Sen, B., Kilgore, M. L., Locher, J. L., 2014. The Influence of gender, age, education, 
and household size on meal preparation and food shopping responsibilities. Public 
Health Nutrition 17(9), 2061-2070. doi: 10.1017/s1368980013002267 

Flos, R., Reig, L., Oca, J., Ginovart, M., 2002. Influence of marketing and different land-based 
systems on Gilthead sea bream (Sparus aurata) quality. Aquaculture International 10, 
189-206. doi:10.1023/a:1022100928523. 

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

Fountoulaki, E., Vasilaki, A., Hurtado, R., Grigorakis, K., Karacostas, I., Nengas, I., Rigos, G., 
Kotzamanis, Y., Venou, B., Alexis, M.N., 2009. Fish oil substitution by vegetable oils in 
commercial diets for gilthead sea bream (Sparus aurata L.); effects on growth 
performance, flesh quality and fillet fatty acid profile: Recovery of fatty acid profiles by 
a fish oil finishing diet under fluctuating water temperatures. Aquaculture 289, 317-326. 

Fountoulaki, E., Morgane, H., Rigos, G., Antigoni, V., Mente, E., Sweetman, J., Nengas, I., 
2010. Evaluation of zinc supplementation in European sea bass (Dicentrarchus labrax) 
juvenile diets. Aquaculture Research 41, e208-e216. 

Fox, T.E., Van den Heuvel, E.G.H.M., Atherton, C.A., Dainty, J.R., Lewis, D.J., Langford, N.J., 
Crews, H.M., Luten, J.B., Lorentzen, M., Sieling, F.W., van Aken-Schneyder, P., Hoek, M., 
Kotterman, M.J.J., van Dael, P., Fairweather-Tait, S.J., 2004. Bioavailability of selenium 
from fish, yeast and selenate: a comparative study in humans using stable isotopes. 
European Journal of Clinical Nutrition 58, 343-349. 

Fraeye, I., Bruneel, C., Lemahieu, C., Buyse, J., Muylaert, K., Foubert, I., 2012. Dietary 
enrichment of eggs with omega-3 fatty acids: A review. Food Research International 48, 
961-969. 

Franke, K., Schöne, F., Berk, A., Leiterer, M., Flachowsky, G., 2008. Influence of dietary iodine 
on the iodine content of pork and the distribution of the trace element in the body. 
European Journal of Nutrition 47, 40-46. doi: 10.1007/s00394-007-0694-3 

Frankel EN, 2005. Lipid Oxidation. Second Edition. The Oily Press, Bridgwater. 

http://faostat3.fao.org/download/FB/FBS/E


References  Chapter 9 

 

235 
 

Fuentes, A., Fernández-Segovia, I., Serra, J. A., Barat, J. M., 2010. Comparison of wild and 
cultured sea bass (Dicentrarchus labrax) quality. Food Chemistry 119(4), 1514-1518. doi: 
http://dx.doi.org/10.1016/j.foodchem.2009.09.036. 

Fulgoni, V. L., Keast, D. R., Bailey, R. L., Dwyer, J., 2011. Foods, fortificants, and supplements: 
where do americans get their nutrients? Journal of Nutrition 141(10), 1847-1854. doi: 
10.3945/jn.111.142257 

Gatta, Pirini, Testi, Vignola, Monetti, 2000. The influence of different levels of dietary vitamin 
E on sea bass Dicentrarchus labrax flesh quality. Aquaculture Nutrition 6, 47-52. 

Gensic, M., Wissing, P.J., Keefe, T.R., Mustafa, A., 2004. Effects of iodized feed on stress 
modulation in steelhead trout, Oncorhynchus mykiss (Walbaum). Aquaculture Research 
35, 1117-1121. doi: 10.1111/j.1365-2109.2004.01134.x 

Ghasemifard, S., Sinclair, A., Kaur, G., Lewandowski, P., Turchini, G., 2015. What is the most 
effective way of increasing the bioavailability of dietary long chain omega-3 fatty acids—
daily vs. weekly administration of fish oil? Nutrients 7, 5241. 

Gidding, S.S., Lichtenstein, A.H., Faith, M.S., Karpyn, A., Mennella, J.A., Popkin, B., Rowe, J., 
Van Horn, L., Whitsel, L., 2009. Implementing American Heart Association Pediatric and 
Adult Nutrition Guidelines: A Scientific Statement from the American Heart Association 
Nutrition Committee of the Council on Nutrition, Physical Activity and Metabolism, 
Council on Cardiovascular Disease in the Young, Council on Arteriosclerosis, Thrombosis 
and Vascular Biology, Council on Cardiovascular Nursing, Council on Epidemiology and 
Prevention, and Council for High Blood Pressure Research. Circulation 119, 1161-1175.  
doi: 10.1161/circulationaha.109.191856 

Glencross, B.D., Hawkins, W.E., Curnow, J.G., 2003. Restoration of the fatty acid composition 
of red seabream (Pagrus auratus) using a fish oil finishing diet after grow-out on plant 
oil based diets. Aquaculture Nutrition 9, 409-418. 

Glencross, B.D., Tocher, D.R., Matthew, C., Bell, J.G., 2014. Interactions between dietary 
docosahexaenoic acid and other long-chain polyunsaturated fatty acids on performance 
and fatty acid retention in post-smolt Atlantic salmon (Salmo salar). Fish Physiology 
Biochemistry 40: 1213–1227. 

Goiris, K., Muylaert, K., Fraeye, I., Foubert, I., De Brabanter, J., De Cooman, L., 2012. 
Antioxidant potential of microalgae in relation to their phenolic and carotenoid content. 
Journal of Applied Phycology 24, 1477-1486. doi:10.1007/s10811-012-9804-6. 

Gomes, E., Dias, J., Silva, P., Valente, L., Empis, J., Gouveia, L., Bowen, J., Young, A., 2002. 
Utilization of natural and synthetic sources of carotenoids in the skin pigmentation of 
gilthead seabream (Sparus aurata). European Food Research and Technology 214, 287-
293. doi:10.1007/s00217-001-0475-9. 

Goodwin T.W., 1984. The biochemistry of carotenoids. Vol. II. Animals. Chapman & Hall, 
London 



References  Chapter 9 

 

236 
 

Gouveia, L., Choubert, G., Pereira, N., Santinha, J., Empis, J., Gomes, E., 2002. Pigmentation 
of gilthead seabream, Sparus aurata (L. 1875), using Chlorella vulgaris (Chlorophyta, 
Volvocales) microalga. Aquaculture Research. 33, 987-993. doi:10.1046/j.1365-
2109.2002.00751.x 

Gouveia, L., Raymundo, A., Batista, A.P., Sousa, I., Empis, J., 2006. Chlorella vulgaris and 
Haematococcus pluvialis biomass as colouring and antioxidant in food emulsions. 
European Food Research and Technology. 222, 362-367. doi:10.1007/s00217-005-0105-
z. 

Graff, I.E., Høie, S., Totland, G.K., Lie, Ø., 2002. Three different levels of dietary vitamin D3 
fed to first-feeding fry of Atlantic salmon (Salmo salar L.): effect on growth, mortality, 
calcium content and bone formation. Aquaculture Nutrition 8, 103-111. doi: 
10.1046/j.1365-2095.2002.00197.x 

Grbich, C., 1999. Qualitative Research in Health: An Introduction, SAGE Publications, London. 

Gregory, L.A., Eales, J.G., 1975. Factors contributing to high levels of plasma iodide in brook 
trout, Salvelinus fontinalis (Mitchill). Canadian Journal of Zoology 53, 267-277. doi: 
10.1139/z75-034 

Grigorakis, K., 2007. Compositional and organoleptic quality of farmed and wild gilthead sea 
bream (Sparus aurata) and sea bass (Dicentrarchus labrax) and factors affecting it: A 
review. Aquaculture 272, 55-75. doi.org/10.1016/j.aquaculture.2007.04.062 

Grigorakis, K., 2010. Effects of Nutrition and Aquaculture Practices on Fish Quality, Handbook 
of Seafood Quality, Safety and Health Applications. Wiley-Blackwell, pp. 82-95. 

Grigorakis, K., Alexis, M.N., Taylor, K.D.A., Hole, M., 2002. Comparison of wild and cultured 
gilthead sea bream (Sparus aurata); composition, appearance and seasonal variations. 
International Journal of Food Science & Technology. 37, 477-484. doi:10.1046/j.1365-
2621.2002.00604.x 

Grigorakis, K., Taylor, K. D. A., Alexis, M. N., 2003. Organoleptic and volatile aroma 
compounds comparison of wild and cultured gilthead sea bream (Sparus aurata): 
sensory differences and possible chemical basis. Aquaculture, 225(1–4), 109-119. doi: 
http://dx.doi.org/10.1016/S0044-8486(03)00283-7 

Grunert, K.G., 1995. Food Quality: a means-end perspective. Food Qualily and Preference 6, 
171-176. 

Grunert, K.G., 2005. Food quality and safety: consumer perception and demand. European 
Review of Agricultural Economics 32, 369-391. 

Grunert, K. G., 2010. European consumers' acceptance of functional foods. Annals of the 
New York Academy of Sciences 1190(1), 166-173. doi: 10.1111/j.1749-
6632.2009.05260.x 

Guidera, J., Kerry, J.P., Buckley, D.J., Lynch, P.B., Morrissey, P.A., 1997. The effect of dietary 
vitamin E supplementation on the quality of fresh and frozen lamb meat. Meat Science. 
45, 33-43. doi: http://dx.doi.org/10.1016/S0309-1740(96)00086-1 

http://dx.doi.org/10.1016/S0044-8486(03)00283-7
http://dx.doi.org/10.1016/S0309-1740(96)00086-1


References  Chapter 9 

 

237 
 

Gulseven, O., Wohlgenant, M., 2014. Demand for functional and nutritional enhancements 
in specialty milk products. Appetite, 81, 284-294. doi: 
http://dx.doi.org/10.1016/j.appet.2014.06.105 

Ha, A.W., Kim, W.K., 2013. The effect of fucoxanthin rich power on the lipid metabolism in 
rats with a high fat diet. Nutrition Research and Practice 7, 287-293. 
doi:10.4162/nrp.2013.7.4.287 

Haard, N.F., 1992. Control of chemical composition and food quality attributes of cultured 
fish. Food Research International 25, 289-307. 

Haldimann, M., Alt, A., Blanc, A., Blondeau, K., 2005. Iodine content of food groups. Journal 
of Food Composition and Analysis 18, 461-471. doi.org/10.1016/j.jfca.2004.06.003 

Hatlen, B., Oaland, Ø., Tvenning, L., Breck, O., Jakobsen, J.V., Skaret, J., 2013. Growth 
performance, feed utilization and product quality in slaughter size Atlantic salmon 
(Salmo salar L.) fed a diet with porcine blood meal, poultry oil and salmon oil. 
Aquaculture Nutrition 19, 573-584. 

He, M.L., Hollwich, W., Rambeck, W.A., 2002. Supplementation of algae to the diet of pigs: a 
new possibility to improve the iodine content in the meat. Journal of Animal Physiology 
and Animal Nutrition 86, 97-104. doi: 10.1046/j.1439-0396.2002.00363.x 

Hess, A.F., Unger, L.J., 1921. The cure of infantile rickets by sunlight: Preliminary note. Journal 
of the American Medical Association 77, 39. 

Hibbeln, J.R., Davis, J.M., Steer, C., Emmett, P., Rogers, I., Williams, C., Golding, J., 2007. 
Maternal seafood consumption in pregnancy and neurodevelopmental outcomes in 
childhood (ALSPAC study): an observational cohort study. The Lancet 369, 578-585. 

Hiéronimus, S., Bec-Roche, M., Ferrari, P., Chevalier, N., Fénichel, P., Brucker-Davis, F., 2009. 
Statut iodé et fonction thyroïdienne chez 330 femmes de la région niçoise évaluées en 
deuxième partie de grossesse. Annales d'Endocrinologie 70, 218-224. 
doi.org/10.1016/j.ando.2009.03.004 

Hixson, S.M., Parrish, C.C., Anderson, D.M., 2014. Full substitution of fish oil with camelina 
(Camelina sativa) oil, with partial substitution of fish meal with camelina meal, in diets 
for farmed Atlantic salmon (Salmo salar) and its effect on tissue lipids and sensory 
quality. Food Chemistry, 157: 51-61. 

Holdt, S., Kraan, S., 2011. Bioactive compounds in seaweed: functional food applications and 
legislation. Journal of Applied Phycology 23, 543-597. doi: 10.1007/s10811-010-9632-5 

Hooper, L., Thompson, R.L., Harrison, R.A., Summerbell, C.D., Ness, A.R., Moore, H.J., 
Worthington, H.V., Durrington, P.N., Higgins, J.P.T., Capps, N.E., Riemersma, R.A., 
Ebrahim, S.B.J., Smith, G.D., 2006. Risks and benefits of omega 3 fats for mortality, 
cardiovascular disease, and cancer: systematic review. BMJ 332, 752-760. 

Horvli, O., Lie, O., Aksnes, L., 1998. Tissue distribution of vitamin D3 in Atlantic salmon Salmo 
salar: effect of dietary level. Aquaculture Nutrition 4, 127-131. Doi: 10.1046/j.1365-
2095.1998.00062.x 



References  Chapter 9 

 

238 
 

Hunn, J.B., Fromm, P.O., 1966. In vivo uptake of radioiodide by rainbow trout. Journal of the 
Water Pollution Control Federation 38, 1981-1985. 

Hunt, A. O., Berkoz, M., Ozkan, F., Yalin, S., Ercen, Z., Erdogan, E., Gunduz, S. G., 2011. Effects 
of organic selenium on growth, muscle composition, and antioxidant system in rainbow 
trout. Israeli Journal of Aquaculture - Bamidgeh, IIC: 63.2011.(562), 10 pp. 

Hunt, D.W.C., Eales, J.G., 1979. Iodine balance in rainbow trout (Salmo gairdneri) and effects 
of testosterone propionate. Journal of the Fisheries Research Board of Canada 36, 282-
285. doi: 10.1139/f79-044 

Hurrell, R., 1997. Bioavailability of iodine. European Journal of Clinical Nutrition, 51(1), S9. 

Hutchings J.B., 1999. Food colour and appearance in perspective. In:  Food Colour and 
Appearance. Springer US, Boston, MA, pp 1-29. doi:10.1007/978-1-4615-2373-4_1 

INE, I.P., 2012. Censos 2011 Resultados Definitivos - Portugal. Lisboa: Instituto Nacional de 
Estatística, I.P. 560 pp. 

IOM (Institute of Medicine, Food and Nutrition Board), 2001. Dietary reference intakes for 
vitamin A, vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese, 
molybdenum, nickel, silicon, vanadium, and zinc. Washington, DC, USA: The National 
Academies Press, pp. 258-289. 

IOM (Institute of Medicine), 2005a. Dietary reference intakes for energy, carbohydrate, fiber, 
fat, fatty acids, cholesterol, protein, and amino acids. Washington, D.C.: The National 
Academies Press. 

IOM (Institute of Medicine), 2005b. Dietary reference intakes for water, potassium, sodium, 
chloride, and sulfate. Washington, DC, USA: The National Academies Press. 

IOM (Institute of Medicine), 2011. Dietary reference intakes for calcium and vitamin D. 
Washington, DC: The National Academies Press. 

ISSFAL (International Society for the Study of Fatty Acids and Lipids), 2004. 
Recommendations for intake of polyunsaturated fatty acids in healthy adults. 
International Society for the Study of Fatty Acids and Lipids, Brighton, UK. 22 pp. 

Izquierdo, M.S., Montero, D., Robaina, L., Caballero, M.J., Rosenlund, G., Ginés, R., 2005. 
Alterations in fillet fatty acid profile and flesh quality in gilthead seabream (Sparus 
aurata) fed vegetable oils for a long term period. Recovery of fatty acid profiles by fish 
oil feeding. Aquaculture 250, 431-444. doi: 
http://dx.doi.org/10.1016/j.aquaculture.2004.12.001 

Jahns, L., Raatz, S. K., Johnson, L. K., Kranz, S., Silverstein, J. T., Picklo Sr., M. J., 2014. Intake 
of seafood in the US varies by age, income, and education level but not by race-ethnicity. 
Nutrients, 6(12), 6060-6075. doi: 10.3390/nu6126060  

Jakobsen J., Maribo H., Bysted A., Sommer H.M., Hels O., 2007. 25-hydroxyvitamin D3 affects 
vitamin D status similar to vitamin D3 in pigs-but the meat produced has a lower content 
of vitamin D. British Journal of Nutrition, 98, 908–913. 



References  Chapter 9 

 

239 
 

Janssen, C.I.F., Kiliaan, A.J., 2014. Long-chain polyunsaturated fatty acids (LCPUFA) from 
genesis to senescence: The influence of LCPUFA on neural development, aging, and 
neurodegeneration. Progress in Lipid Research 53, 1-17. 

Januszewska, R., Pieniak, Z., Verbeke, W., 2011. Food choice questionnaire revisited in four 
countries. Does it still measure the same? Appetite 57(1), 94-98. doi: 
http://dx.doi.org/10.1016/j.appet.2011.03.014 

Jensen, H.H., 2006. Changes in seafood consumer preference patterns and associated 
changes in risk exposure. Marine Pollution Bulletin 53, 591-598. 

Johnston, I.A., 2008. Chapter 22 - The biological basis of variability in the texture of fish flesh. 
Improving Seafood Products for the Consumer, Børresen, Torger (Ed.). Woodhead 
Publishing, pp. 465-489. 

Joo, S.T., Lee, J.I., Ha, Y.L., Park, G.B., 2002. Effects of dietary conjugated linoleic acid on fatty 
acid composition, lipid oxidation, color, and water-holding capacity of pork loin. Journal 
of Animal Science 80, 108-112. 

Julshamn, K., Dahl, L., Eckhoff, K., 2001. Determination of iodine in seafood by inductively 
coupled plasma/mass spectrometry. Journal of AOAC International 84, 1976-1983. 

Julshamn, K., Maage, A., WaagbØ, R., Lundebye, A.K., 2006. A preliminary study on tailoring 
of fillet iodine concentrations in adult Atlantic salmon (Salmo salar L.) through dietary 
supplementation. Aquaculture Nutrition. 12, 45-51. doi: 10.1111/j.1365-
2095.2006.00380.x 

Julvez, J., Méndez, M., Fernandez-Barres, S., Romaguera, D., Vioque, J., Llop, S., Ibarluzea, J., 
Guxens, M., Avella-Garcia, C., Tardón, A., Riaño, I., Andiarena, A., Robinson, O., Arija, V., 
Esnaola, M., Ballester, F., Sunyer, J., 2016. Maternal consumption of seafood in 
pregnancy and child neuropsychological development: a longitudinal study based on a 
population with high consumption levels. American Journal of Epidemiology, 183, 169-
182. 

Juniper, D.T., Phipps, R.H., Ramos-Morales, E., Bertin, G., 2008. Effect of dietary 
supplementation with selenium-enriched yeast or sodium selenite on selenium tissue 
distribution and meat quality in beef cattle. Journal of Animal Science. 86, 3100-3109. 

Juniper, D.T., Phipps, R.H., Ramos-Morales, E., Bertin, G., 2009. Effect of high dose selenium 
enriched yeast diets on the distribution of total selenium and selenium species within 
lamb tissues. Livestock Science. 122, 63-67. 

Kalinowski, C.T., Robaina, L.E., Fernández-Palacios, H., Schuchardt, D., Izquierdo, M.S., 2005. 
Effect of different carotenoid sources and their dietary levels on red porgy (Pagrus 
pagrus) growth and skin colour. Aquaculture 244, 223-231. 

Karl, H., Munkner, W., Krause, S., Bagge, I., 2001. Determination, spatial variation and 
distribution of iodine in fish. Behr's Verlag, Hamburg, Allemagne. 

Karl, H., Basak, S., Ziebell, S., Quast, P., 2005. Changes of the Iodine Content in Fish during 
Household Preparation and Smoking. Deut. Lebensm-Rundsch. 101, 1-6 



References  Chapter 9 

 

240 
 

Kawahara, S., Takenoyama, S.i., Takuma, K., Muguruma, M., Yamauchi, K., 2009. Effects of 
dietary supplementation with conjugated linoleic acid on fatty acid composition and lipid 
oxidation in chicken breast meat. Animal Science Journal. 80, 468-474.Kennedy, S.R., 
Bickerdike, R., Berge, R.K., Dick, J.R., Tocher, D.R., 2007a. Influence of conjugated linoleic 
acid (CLA) or tetradecylthioacetic acid (TTA) on growth, lipid composition, fatty acid 
metabolism and lipid gene expression of rainbow trout (Oncorhynchus mykiss L.). 
Aquaculture 272, 489-501. 

Kennedy, S.R., Bickerdike, R., Berge, R.K., Porter, A.R., Tocher, D.R., 2007a. Influence of 
dietary conjugated linoleic acid (CLA) and tetradecylthioacetic acid (TTA) on growth, lipid 
composition and key enzymes of fatty acid oxidation in liver and muscle of Atlantic cod 
(Gadus morhua L.). Aquaculture. 264, 372-382. 
https://doi.org/10.1016/j.aquaculture.2007.01.013 

Kennedy, S.R., Bickerdike, R., Berge, R.K., Dick, J.R., Tocher, D.R., 2007b. Influence of 
conjugated linoleic acid (CLA) or tetradecylthioacetic acid (TTA) on growth, lipid 
composition, fatty acid metabolism and lipid gene expression of rainbow trout 
(Oncorhynchus mykiss L.). Aquaculture. 272, 489-501. 
doi.org/10.1016/j.aquaculture.2007.06.033 

Kiefte-de Jong, J.C., Chowdhury, R., Franco, O.H., 2012. Fish intake or omega-3 fatty acids: 
greater than the sum of all parts? European Journal of Epidemiology 27, 891-894. 

Kim, K.-W., Bai, S.C., Koo, J.-W., Wang, X., Kim, S.-K., 2002. Effects of Dietary Chlorella 
ellipsoidea supplementation on growth, blood characteristics, and whole-body 
composition in juvenile japanese flounder Paralichthys olivaceus. Journal of the World 
Aquaculture Society. 33, 425-431. doi:10.1111/j.1749-7345.2002.tb00021.x. 

Kim, S., Jung, Y.-J., Kwon, O.-N., Cha, K., Um, B.-H., Chung, D., Pan, C.-H., 2012. a potential 
commercial source of fucoxanthin extracted from the microalgae Phaeodactylum 
tricornutum. Applied Biochemistry Biotechnology, 166, 1843-1855. 
doi:10.1007/s12010-012-9602-2. 

Kim, S.-S., Rahimnejad, S., Kim, K.-W., Lee, B.-J., Lee, K.-J., 2013. Effects of dietary 
supplementation of Spirulina and quercetin on growth, innate immune responses, 
disease resistance against Edwardsiella tarda, and dietary antioxidant capacity in the 
juvenile olive flounder Paralichthys olivaceus. Fisheries and Aquatic Sciences, 16, 7-14. 
doi:http://dx.doi.org/10.5657/FAS.2013.0007. 

Kiron, V., Phromkunthong, W., Huntley, M., Archibald, I., De Scheemaker, G., 2012. Marine 
microalgae from biorefinery as a potential feed protein source for Atlantic salmon, 
common carp and whiteleg shrimp. Aquaculture Nutrition 18, 521-531. 
doi:10.1111/j.1365-2095.2011.00923.x. 

Kole, A., Steenbekkers B., Schelvis R., 2010. Consumer willingness to buy and to pay for 
animal friendly produced fish—A real life experiment. (34 pp.). (Benefish project report 
No. FP6 044118). 



References  Chapter 9 

 

241 
 

Koletzko, B., Lien, E., Agostoni, C., Böhles, H., Campoy, C., Cetin, I., Decsi, T., Dudenhausen 
Joachim, W., Dupont, C., Forsyth, S., Hoesli, I., Holzgreve, W., Lapillonne, A., Putet, G., 
Secher Niels, J., Symonds, M., Szajewska, H., Willatts, P., Uauy, R., 2008. The roles of 
long-chain polyunsaturated fatty acids in pregnancy, lactation and infancy: review of 
current knowledge and consensus recommendations. Journal of Perinatal Medicine 36, 
5-14. 

Kouba, A., Velíšek, J., Stará, A., Masojídek, J., Kozák, P., 2014. Supplementation with sodium 
selenite and selenium-enriched microalgae biomass show varying effects on blood 
enzymes activities, antioxidant response, and accumulation in common barbel (Barbus 
barbus). BioMed Research International, 2014, 8. doi: 10.1155/2014/408270 

Kousoulaki, K., Østbye, T.-K.K., Krasnov, A., Torgersen, J.S., Mørkøre, T., Sweetman, J., 2015. 
Metabolism, health and fillet nutritional quality in Atlantic salmon (Salmo salar) fed diets 
containing n-3-rich microalgae. Journal of Nutritional Science 4, e4. 
doi:doi:10.1017/jns.2015.14. 

Kraan, S., Mair, C., 2010. Seaweeds as Ingredients in Aquatic Feeds. International Aquafeed. 
13 10-14. 

Kris-Etherton, P.M., Harris, W.S., Appel, L.J., for the Nutrition Committee, 2002. Fish 
consumption, fish oil, omega-3 fatty acids, and cardiovascular disease. Circulation 106, 
2747-2757. doi.org/10.1161/01.CIR.0000038493.65177.94. 

Kris-Etherton, P.M., Grieger, J.A., Etherton, T.D., 2009. Dietary reference intakes for DHA and 
EPA. Prostaglandins, Leukotrienes and Essential Fatty Acids 81, 99-104.  
doi:doi:10.1016/j.plefa.2009.05.011 

Krutulyte, R., Grunert, K.G., Scholderer, J., Hagemann, K.S., Elgaard, P., Nielsen, B., 
Graverholt, J.P., 2008. Motivational factors for consuming omega-3 PUFAs: An 
exploratory study with Danish consumers. Appetite 51, 137-147. 

Krutulyte, R., Grunert, K.G., Scholderer, J., Lähteenmäki, L., Hagemann, K.S., Elgaard, P., 
Nielsen, B., Graverholt, J.P., 2011. Perceived fit of different combinations of carriers and 
functional ingredients and its effect on purchase intention. Food Quality and Preference 
22, 11-16. 

Krystallis, A., Maglaras, G., Mamalis, S., 2008. Motivations and cognitive structures of 
consumers in their purchasing of functional foods. Food Quality and Preference, 19(6), 
525-538. doi: http://dx.doi.org/10.1016/j.foodqual.2007.12.005 

Küçükbay, F.Z., Yazlak, H., Karaca, I., Sahin, N., Tuzcu, M., Cakmak, M.N., Sahin, K., 2009. The 
effects of dietary organic or inorganic selenium in rainbow trout (Oncorhynchus mykiss) 
under crowding conditions. Aquaculture Nutrition 15, 569-576. 

Lall, S. P., 1995. Macro and trace elements in fish and shellfish. In: Ruiter, A. (Ed.), Fish and 
Fishery Products. CAB International, Wallingford, Oxon, UK. pp. 187–213. 



References  Chapter 9 

 

242 
 

Lall, S.P., 2003. 5 - The Minerals. in: Halver, J.E., Hardy, R.W. (Eds.), Fish Nutrition (Third 
Edition). Academic Press, San Diego, pp. 259-308. doi.org/10.1016/B978-012319652-
1/50006-9 

Lall, S.P., Paterson, W.D., Hines, J.A., Adams, N.J., 1985. Control of bacterial kidney disease in 
Atlantic salmon, Salmo salar L., by dietary modification. Journal of Fish Diseases 8, 113-
124. doi: 10.1111/j.1365-2761.1985.tb01192.x 

Lamberg-Allardt, C., 2006. Vitamin D in foods and as supplements. Progress in Biophysics and 
Molecular Biology 92, 33-38. 

Lanari, M.C., Schaefer, D.M., Scheller, K.K., 1995. Dietary vitamin E supplementation and 
discoloration of pork bone and muscle following modified atmosphere packaging. Meat 
Science. 41, 237-250. doi: http://dx.doi.org/10.1016/0309-1740(95)00006-7 

Land, M. A., Christoforou, A., Downs, S., Webster, J., Billot, L., Li, M., Peña-Rosas, J.P., Neal, 
B., 2013. Iodine fortification of foods and condiments, other than salt, for preventing 
iodine deficiency disorders. Cochrane Database of Systematic Reviews 2013 Issue 9. pp. 
15. doi: 10.1002/14651858.CD010734. 

Lanham-New, S. A., Buttriss, J. L., Miles, L. M., Ashwell, M., Berry, J. L., Boucher, B. J., . . . 
Williams, C. M. 2011. Proceedings of the rank forum on vitamin D. The British journal of 
nutrition, 105(1), 144-156. doi: 10.1017/s0007114510002576 

Larsen, R., Eilertsen, K.-E., Elvevoll, E.O., 2011. Health benefits of marine foods and 
ingredients. Biotechnology Advances 29, 508-518. 

Lee, S.M., Lewis, J., Buss, D.H., Holcombe, G.D., Lawrance, P.R., 1994. Iodine in British foods 
and diets. British Journal of Nutrition 72, 435-446. 

Leek, S., Maddock, S., Foxall, G., 2000. Situational determinants of fish consumption. British 
Food Journal, 102(1), 18-39. doi: doi:10.1108/00070700010310614 

Lepage, G., Roy, C.C., 1986. Direct transesterification of all classes of lipids in a one-step 
reaction. Journal of Lipid Research 27, 114-120. 

Leskanich, C., Matthews, K., Warkup, C., Noble, R., Hazzledine, M., 1997. The effect of dietary 
oil containing (n-3) fatty acids on the fatty acid, physicochemical, and organoleptic 
characteristics of pig meat and fat. Journal of Animal Science, 75(3), 673-683. doi: 
doi:10.2527/1997.753673x 

Leu, S., Boussiba, S., 2014. Advances in the production of high-value products by microalgae. 
Industrial Biotechnology. 10, 169-183. doi:10.1089/ind.2013.0039. 

Levitan, E.B., Wolk, A., Mittleman, M.A., 2009. Fish consumption, marine omega-3 fatty acids, 
and incidence of heart failure: a population-based prospective study of middle-aged and 
elderly men. Eur. Heart J. 30, 1495-1500. doi: 10.1093/eurheartj/ehp111Lin, Y.-H., 2014. 
Effects of dietary organic and inorganic selenium on the growth, selenium concentration 
and meat quality of juvenile grouper Epinephelus malabaricus. Aquaculture 430, 114-
119. 



References  Chapter 9 

 

243 
 

Li, M.H., Robinson, E.H., Tucker, C.S., Manning, B.B., Khoo, L., 2009. Effects of dried algae 
Schizochytrium spp., a rich source of docosahexaenoic acid, on growth, fatty acid 
composition, and sensory quality of channel catfish Ictalurus punctatus. Aquaculture. 
292, 232-236. doi:http://dx.doi.org/10.1016/j.aquaculture.2009.04.033. 

Lichtenstein, A.H., Appel, L.J., Brands, M., Carnethon, M., Daniels, S., Franch, H.A., Franklin, 
B., Kris-Etherton, P., Harris, W.S., Howard, B., Karanja, N., Lefevre, M., Rudel, L., Sacks, 
F., Van Horn, L., Winston, M., Wylie-Rosett, J., 2006. Diet and lifestyle recommendations 
revision 2006: A Scientific statement from the american heart association nutrition 
committee. Circulation 114, 82-96. doi: 10.1161/circulationaha.106.176158 

Limbert, E., Prazeres, S., São Pedro, M., Madureira, D., Miranda, A., Ribeiro, M., Jacome de 
Castro, J., Carrilho, F., Oliveira, M.J., Reguengo, H., Borges, F., Society, T.S.G.o.t.P.E., 
2010. Iodine intake in Portuguese pregnant women: results of a countrywide study. 
European Journal of Endocrinology 163, 631-635. doi: 10.1530/eje-10-0449 

Little, A.C., Martinsen, C., Sceurman, L., 1979. Color assessment of experimentally pigmented 
rainbow trout. Color Research and Application. 4, 92-95. doi:10.1111/j.1520-
6378.1979.tb00095.x 

Lock, E. J., WaagbØ, R., Wendelaar Bonga, S., Flik, G., 2010. The significance of vitamin D for 
fish: a review. Aquaculture Nutrition, 16(1), 100-116. doi: 10.1111/j.1365-
2095.2009.00722.x 

Longvah, T., Toteja, G.S., Bulliyya, G., Raghuvanshi, R.S., Jain, S., Rao, V., Upadhya, A., 2012. 
Stability of added iodine in different Indian cooking processes. Food Chemistry 130, 953-
959. doi.org/10.1016/j.foodchem.2011.08.024 

Lorentzen, M., Maage, A., Julshamn, K., 1994. Effects of dietary selenite or selenomethionine 
on tissue selenium levels of Atlantic salmon (Salmo salar). Aquaculture 121, 359-367. 
doi.org/10.1016/0044-8486(94)90270-4 

Lu, Z., Chen, T.C., Zhang, A., Persons, K.S., Kohn, N., Berkowitz, R., Martinello, S., Holick, M.F., 
2007. An evaluation of the vitamin D3 content in fish: is the vitamin D content adequate 
to satisfy the dietary requirement for vitamin D? Journal of Steroid Biochemistry and 
Molecular Biology, 103(3-5), 642–644. http://doi.org/10.1016/j.jsbmb.2006.12.010 

Lund, E.K., 2013. Health benefits of seafood: Is it just the fatty acids? Food Chemistry 140, 
413-420. doi:http://dx.doi.org/10.1016/j.foodchem.2013.01.034. 

Lyly, M., Roininen, K., Honkapää, K., Poutanen, K., Lähteenmäki, L., 2007. Factors influencing 
consumers’ willingness to use beverages and ready-to-eat frozen soups containing oat 
β-glucan in Finland, France and Sweden. Food Quality and Preference 18(2), 242-255. 
doi: http://dx.doi.org/10.1016/j.foodqual.2005.12.001 

Maage, A., Julshamn, K., Ulgenes, Y., 1991. A comparison of tissue levels of four essential 
trace elements in wild and farmed Atlantic salmon (Salmo salar). Fiskeridirektoratets 
Skrifter Serie Ernoering 4, 111-116. 



References  Chapter 9 

 

244 
 

Maeda, H., 2015. Nutraceutical effects of fucoxanthin for obesity and diabetes therapy: a 
review. Journal of Oleo Science. 64, 125-132. doi:10.5650/jos.ess14226. 

Mahan, D.C., Parrett, N.A., 1996. Evaluating the efficacy of selenium-enriched yeast and 
sodium selenite on tissue selenium retention and serum glutathione peroxidase activity 
in grower and finisher swine. Journal of Animal Science 74, 2967-2974. 

Mahy, M., Van Eycken, L., Oosterlinck, A., 1994. Evaluation of Uniform Color Spaces 
Developed after the Adoption of CIELAB and CIELUV. Color Research & Application. 19, 
105-121. doi:10.1111/j.1520-6378.1994.tb00070.x 

Martinsdóttir, E., Schelvis, R., Hyldig, G., Sveinsdóttir, K., 2009. Sensory evaluation of 
seafood: general principles and guidelines, fishery products. Wiley-Blackwell, pp. 411-
424. doi:10.1002/9781444322668.ch19 

Matos, E., Dias, J., Dinis, M.T., Silva, T.S., 2017. Sustainability vs. Quality in gilthead seabream 
(Sparus aurata L.) farming: are trade-offs inevitable? Reviews in Aquaculture, 9: 388-
409. doi:10.1111/raq.12144 

Mattila, P., Piironen, V., Haapala, R., Hirvi, T., Uusi-Rauva, E., 1997. Possible factors 
responsible for the high variation in the cholecalciferol contents of fish. Journal of 
Agricultural and Food Chemistry, 45(10), 3891-3896. doi: 10.1021/jf970243j 

Mattila, P., Piironen, V., Hakkarainen, T., Hirvi, T., Uusi-Rauva, E., Eskelinen, P., 1999. 
Possibilities to raise vitamin D content of rainbow trout (Oncorhynchus mykiss) by 
elevated feed cholecalciferol contents. Journal of the Science of Food and Agriculture 
79, 195-198. doi: 10.1002/(sici)1097-0010(199902)79:2<195::aid-jsfa166>3.0.co;2-c 

Mattila, P., Piironen, V., Uusi-Rauva, E., Koivistoinen, P., 1995. Cholecalciferol and 25-
hydroxycholecalciferol contents in fish and fish products. Journal of Food Composition 
and Analysis. 8, 232-243. http://dx.doi.org/10.1006/jfca.1995.1017. 

Mattila, P., Rokka, T., Könkö, K., Valaja, J., Rossow, L., Ryhänen, E.-L., 2003. Effect of 
cholecalciferol-enriched hen feed on egg quality. Journal of Agricultural and Food 
Chemistry, 51(1), 283-287. doi: 10.1021/jf020743z 

Mattila, P., Valkonen, E., Valaja, J., 2011. Effect of different vitamin D supplementations in 
poultry feed on vitamin D content of eggs and chicken meat. Journal of Agricultural and 
Food Chemistry, 59(15), 8298–8303. doi: 10.1021/jf2012634 

Maynard, L. J., Franklin, S. T., 2003. Functional foods as a value-added strategy: the 
commercial potential of “cancer-fighting” dairy products. Review of Agricultural 
Economics, 25(2), 316-331. doi: 10.1111/1467-9353.00141 

Meilgaard, M., Civille, G.V., Carr, B.T., 1999. Sensory Evaluation Techniques, 3rd edition ed. 
CRC Press LLC, Florida, USA. http://dx.doi.org/10.1201/9781439832271 

Menoyo, D., Sanz-Bayón, C., Nessa, A., Esatbeyoglu, T., Faizan, M., Pallauf, K., De Diego, N., 
Wagner, A., Ipharraguerre, I., Stubhaug, I., Rimbach, G., 2014. Atlantic salmon (Salmo 
salar L.) as a marine functional source of gamma-tocopherol. Marine Drugs 12, 5944. 

http://dx.doi.org/10.1006/jfca.1995.1017


References  Chapter 9 

 

245 
 

Mensink, G. B. M., Fletcher, R., Gurinovic, M., Huybrechts, I., Lafay, L., Serra-Majem, L., . . . 
Stephen, A. M., 2013. Mapping low intake of micronutrients across Europe. British 
Journal of Nutrition, 110(04), 755-773. doi: doi:10.1017/S000711451200565X 

Mesko, M.F., Mello, P.A., Bizzi, C.A., Dressler, V.L., Knapp, G., Flores, É.M.M., 2010. Iodine 
determination in food by inductively coupled plasma mass spectrometry after digestion 
by microwave-induced combustion. Analytical and Bioanalytical Chemistry 398, 1125-
1131. doi: 10.1007/s00216-010-3766-9 

Mnari, A., Jrah, H.H., Dhibi, M., Bouhlel, I., Hammami, M., Chaouch, A., 2010. Effects of frying 
on the fatty acid composition in farmed and wild gilthead sea bream (Sparus aurata). 
International Journal of Food Science and Technology 45, 113-123. doi: 10.1111/j.1365-
2621.2009.02110.x 

Mnari, A., Zaghbib, S.F., Dhibi, M., Harzallah, H.J., Dabbou, S., El Cafsi, M., Hammami, M., 
Chaouch, A., 2012. Effects of different cooking methods on the mineral contents of wild 
and farmed sea bream (Sparus aurata). International Journal of Food Science & 
Technology 47, 1964-1969. doi: 10.1111/j.1365-2621.2012.03057.x 

Monteiro, M., Matos, E., Ramos, R., Campos, I., Valente, L.M.P., 2018. A blend of land animal 
fats can replace up to 75% fish oil without affecting growth and nutrient utilization of 
European seabass. Aquaculture, 487: 22-31. 

Montgomery, J.L., King, M.B., Gentry, J.G., Barham, A.R., Barham, B.L., Hilton, G.G., Blanton, 
J.R., Horst, R.L., Galyean, M.L., Morrow, K.J., Wester, D.B., Miller, M.F., 2004. 
Supplemental vitamin D3 concentration and biological type of steers. II. Tenderness, 
quality, and residues of beef. Journal of Animal Science 82(7), 2092-2104. 
doi:10.2527/2004.8272092x 

Moreda-Piñeiro, J., Moreda-Piñeiro, A., Bermejo-Barrera, P., 2015. In-vivo and in-vitro testing 
for selenium and selenium compounds bioavailability assessment in foodstuff. Critical 
Reviews in Food Science and Nutrition, 00-00. doi: 10.1080/10408398.2014.934437 

Mourente, G., Bell, J.G., 2006. Partial replacement of dietary fish oil with blends of vegetable 
oils (rapeseed, linseed and palm oils) in diets for European sea bass (Dicentrarchus labrax 
L.) over a long term growth study: Effects on muscle and liver fatty acid composition and 
effectiveness of a fish oil finishing diet. Comparative Biochemistry and Physiology Part 
B: Biochemistry and Molecular Biology 145, 389-399. 

Mozaffarian, D., Wu, J.H.Y., 2012. (n-3) Fatty acids and cardiovascular health: are effects of 
EPA and DHA shared or complementary? The Journal of nutrition 142, 614S-625S. 

Mustafa, A., MacKinnon, B.M., 1999. Genetic variation in susceptibility of Atlantic salmon to 
the sea louse Caligus elongatus Nordmann, 1832. Canadian Journal of Zoology 77, 1332-
1335. doi: 10.1139/z99-096 

Myrland, Ø., Trondsen, T., Johnston, R.S., Lund, E., 2000. Determinants of seafood 
consumption in Norway: lifestyle, revealed preferences, and barriers to consumption. 
Food Quality and Preference 11, 169-188. 



References  Chapter 9 

 

246 
 

Naemmi, E.D., Ahmad, N., Al-Sharrah, T.K., Behbahani, M., 1995. Rapid and simple method 
for determination of cholesterol in processed food. Journal Association of Official 
Analytical Chemists, 78, 1522–1525. 

Nakagawa, H.E., Mustafa, M.D.G.H., Takii, K.E., Umino, T.E., Kumai, H.I., 2000. Effect of 
dietary catechin and Spirulina on vitamin C metabolism in red sea bream. Fisheries 
Science. 66, 321-326. doi:10.1046/j.1444-2906.2000.00050.x 

Nakamura, K., Nashimoto, M., Okuda, Y., Ota, T., Yamamoto, M., 2002. Fish as a major source 
of vitamin D in the Japanese diet. Nutrition 18, 415-416. 

Nandeesha, M.C., Gangadhar, B., Varghese, T.J., Keshavanath, P., 1998. Effect of feeding 
Spirulina platensis on the growth, proximate composition and organoleptic quality of 
common carp, Cyprinus carpio L. Aquaculture Research. 29, 305-312. 
doi:10.1046/j.1365-2109.1998.00163.x. 

National Research Council, 2011. Nutrient Requirements of Fish and Shrimp. Washington, 
DC: The National Academies Press. 

Navarro-Alarcon, M., Cabrera-Vique, C., 2008. Selenium in food and the human body: A 
review. Science of the Total Environment, 400(1–3), 115-141. doi: 
http://dx.doi.org/10.1016/j.scitotenv.2008.06.024 

Nematipour, G.R., Nakagawa, H., Nanba, K., Kasahara, S., Tsujimura, A., Akira, K., 1987. Effect 
of Chlorella-extract Supplement to Diet on Lipid Accumulation of Ayu. Nippon Suisan 
Gakkaishi. 53, 1687-1692. doi:10.2331/suisan.53.1687 

Nematipour, G.R., Nakagawa, H., Ohya, S., 1990. Effect of Chlorella-Extract Supplementation 
to Diet on in vitro Lipolysis in Ayu. Nippon Suisan Gakkaishi. 56, 777-782. 
doi:10.2331/suisan.56.777 

Newberry, S. J., Chung, M., Shekelle, P. G., Booth, M. S., Liu, J. L., Maher, A. R., ... & Balk, E. 
M., 2014. Vitamin D and calcium: a systematic review of health outcomes (update). 
Evidence Report/Technology Assessment No. 217. Rockville, MD. Publication No. 4-
E004-EF. Accessed on 25 May 2016. Available from: 
http://www.ncbi.nlm.nih.gov/books/NBK253540/ 

Nichols, P., Glencross, B., Petrie, J., Singh, S., 2014. Readily available sources of long-chain 
omega-3 oils: Is farmed Australian seafood a better source of the good oil than wild-
caught seafood? Nutrients, 6: 1063-1079. 

NIFES, 2016. Omega-3 fatty acids in Norwegian farmed salmon. Leaflet consulted online at: 
https://nifes.hi.no/en/new-leaflet-omega-3-fatty-acids-in-norwegian-farmed-salmon/ 

Norambuena, F., Lewis, M., Hamid, N.K.A., Hermon, K., Donald, J.A., Turchini, G.M., 2013. 
Fish oil replacement in current aquaculture feed: is cholesterol a hidden treasure for fish 
nutrition? PLoS ONE 8(12): e81705. 

Nunes, M.L., Bandarra, N.M., Batista, I., 2010. Health Benefits Associated with Seafood 
Consumption. In: Alasalvar, C., Shahidi, F., Miyashita, K., Wanasundara, U. (Eds.), 

http://www.ncbi.nlm.nih.gov/books/NBK253540/


References  Chapter 9 

 

247 
 

Handbook of Seafood Quality, Safety and Health Applications. Wiley-Blackwell, pp. 367-
379. 

Nunes, M.L., Bandarra, N.M., Oliveira, L., Batista, I., Calhau, M.A., 2006. Composition and 
nutritional value of fisher products consumed in Portugal. in: Luten, J.B., Jacobsen, C., 
Bekaert, K., Sæbø, A., Oehlenschlager, J. (Eds.), Seafood research from fish to dish. 
Quality, Safety and Processing of Wild and Farmed Fish. Wageningen Academic 
Publishers, Wageningen, pp. 477-487. 

OECD-FAO, 2013. Agricultural Outlook 2013-2022. OECD, Food and Agriculture Organization 
of the United Nations, Paris, pp. 324 

OECD-FAO, 2015. OECD-FAO Agricultural Outlook 2015, OECD Publishing, Paris. 148 pp. 
http://dx.doi.org/10.1787/agr_outlook-2015-en 

Oehlenschläger, J., 2000. Cholesterol content in edible part of marine fatty pelagic fish 
species and other seafood. S.A. Georgakis (Ed.), Proceedings 29th WEFTA Meeting 1999, 
Greek Society of food Hygienists and Technologist, Pieria, Greece, pp. 107–115. 

Olesen, I., Alfnes, F., Røra, M. B., Kolstad, K., 2010. Eliciting consumers' willingness to pay for 
organic and welfare-labelled salmon in a non-hypothetical choice experiment. Livestock 
Science, 127(2–3), 218-226. doi: http://dx.doi.org/10.1016/j.livsci.2009.10.001. 

Olsen, S.O., 2001. Consumer involvement in seafood as family meals in Norway: An 
application of the expectancy-value approach. Appetite 36 (2): 173-186. 

Olsen, S.O., 2003. Understanding the relationship between age and seafood consumption: 
the mediating role of attitude, health involvement and convenience. Food Quality and 
Preference 14, 199-209. doi: http://dx.doi.org/10.1016/S0950-3293(02)00055-1 

Olsen, S. O., 2004. Antecedents of seafood consumption behavior. Journal of Aquatic Food 
Product Technology, 13(3), 79-91. doi: 10.1300/J030v13n03_08 

Olsen, R.L., Hasan, M.R., 2012. A limited supply of fishmeal: Impact on future increases in 
global aquaculture production. Trends in Food Science & Technology 27, 120-128. 

Olsen, S.O., Scholderer, J., Brunsø, K., Verbeke, W., 2007. Exploring the relationship between 
convenience and fish consumption: A cross-cultural study. Appetite 49, 84-91. 

Oude Ophuis, P.A.M., Van Trijp, H.C.M., 1995. Perceived quality: A market driven and 
consumer oriented approach. Food Quality and Preference 6, 177-183.  
doi:http://dx.doi.org/10.1016/0950-3293(94)00028-T 

Pacitti, D., Lawan, M.M., Sweetman, J., Martin, S.A.M., Feldmann, J., Secombes, C.J., 2015. 
Selenium supplementation in fish: a combined chemical and biomolecular study to 
understand sel-plex assimilation and impact on selenoproteome expression in rainbow 
trout (Oncorhynchus mykiss). PLoS ONE 10(5), e0127041. doi: 
10.1371/journal.pone.012704 

Pappalardo, G., Lusk, J. L., 2016. The role of beliefs in purchasing process of functional foods. 
Food Quality and Preference, 53, 151-158. doi: 
http://dx.doi.org/10.1016/j.foodqual.2016.06.009 



References  Chapter 9 

 

248 
 

Patch, C.S., Tapsell, L.C., Williams, P.G., 2005. Attitudes and intentions toward purchasing 
novel foods enriched with omega-3 fatty acids. Journal of Nutrition Education and 
Behavior 37, 235-241. 

PCP, 2016. Facts and figures on the Common Fisheries Policy –Basic statistical data – 2016 
Edition. Publications Office of the European Union, Luxembourg. doi: 10.2771/830693 

Peng, J., Yuan, J.-P., Wu, C.-F., Wang, J.-H., 2011. Fucoxanthin, a marine carotenoid present 
in brown seaweeds and diatoms: metabolism and bioactivities relevant to human 
health. Marine Drugs 9, 1806. 

Pereira, L. N., Mendes, J. C., Mendes, J. P., 2016. A marketing strategy for a new functional 
fish. Aquaculture Economics & Management, 1-21. doi: 
10.1080/13657305.2016.1185197 

Pham, M.A., Byun, H.-G., Kim, K.-D., Lee, S.-M., 2014. Effects of dietary carotenoid source 
and level on growth, skin pigmentation, antioxidant activity and chemical composition 
of juvenile olive flounder Paralichthys olivaceus. Aquaculture 431, 65-72. 
doi:http://dx.doi.org/10.1016/j.aquaculture.2014.04.019 

Pieniak, Z., Verbeke, W., Scholderer, J., Brunsø, K., Olsen, S. O., 2007. European consumers’ 
use of and trust in information sources about fish. Food Quality and Preference, 18(8), 
1050-1063. doi: http://dx.doi.org/10.1016/j.foodqual.2007.05.001 

Pieniak, Z., Verbeke, W., Scholderer, J., Brunsø, K., Ottar Olsen, S., 2008. Impact of 
consumers' health beliefs, health involvement and risk perception on fish consumption. 
British Food Journal 110, 898-915. doi: doi:10.1108/00070700810900602 

Pieniak, Z., Verbeke, W., Scholderer, J., 2010. Health-related beliefs and consumer 
knowledge as determinants of fish consumption. Journal of Human Nutrition and 
Dietetics, 23(5), 480-488. doi: 10.1111/j.1365-277X.2010.01045.x. 

Qawasmi, A., Landeros-Weisenberger, A., Bloch, M.H., 2013. Meta-analysis of LCPUFA 
supplementation of infant formula and visual acuity. Pediatrics 131, e262-e272. 

Raatz, S.K., Silverstein, J.T., Jahns, L., Picklo, M.J., 2013. Issues of fish consumption for 
cardiovascular disease risk reduction. Nutrients 5, 1081-1097. doi: 10.3390/nu5041081 

Ramalho Ribeiro, A., Gonçalves, A., Colen, R., Nunes, M. L., Dinis, M. T., Dias, J., 2015. Dietary 
macroalgae is a natural and effective tool to fortify gilthead seabream fillets with iodine: 
effects on growth, sensory quality and nutritional value. Aquaculture 437, 51-59. doi: 
http://dx.doi.org/10.1016/j.aquaculture.2014.11.028 

Ramos, A., Bandarra, N.M., Rema, P., Vaz-Pires, P., Nunes, M.L., Andrade, A.M., Cordeiro, 
A.R., Valente, L.M.P., 2008. Time course deposition of conjugated linoleic acid in market 
size rainbow trout (Oncorhynchus mykiss) muscle. Aquaculture 274, 366-374. 
doi.org/10.1016/j.aquaculture.2007.11.040 

Rayman, M.P., 2000. The importance of selenium to human health. The Lancet. 356, 233-
241. 



References  Chapter 9 

 

249 
 

Rayman, M.P., Infante, H.G., Sargent, M., 2008. Food-chain selenium and human health: 
spotlight on speciation. British Journal of Nutrition 100, 238-253. 

Read, E.S., Barrows, F.T., Gibson Gaylord, T., Paterson, J., Petersen, M.K., Sealey, W.M., 2014. 
Investigation of the effects of dietary protein source on copper and zinc bioavailability 
in fishmeal and plant-based diets for rainbow trout. Aquaculture 432, 97-105. 

Rebolloso-Fuentes, M.M., Navarro-Pérez, A., Ramos-Miras, J.J., Guil-Guerrero, J.L., 2001. 
Biomass nutrient profiles of microalga Phaeodactylum tricornutum. Journal of Food 
Biochemistry 25, 57-76. doi:10.1111/j.1745-4514.2001.tb00724.x 

Regost, C., Arzel, J., Robin, J., Rosenlund, G., Kaushik, S.J., 2003. Total replacement of fish oil 
by soybean or linseed oil with a return to fish oil in turbot (Psetta maxima): 1. Growth 
performance, flesh fatty acid profile, and lipid metabolism. Aquaculture 217, 465-482. 

Reyes-Becerril, M., Guardiola, F., Rojas, M., Ascencio-Valle, F., Esteban, M.Á., 2013. Dietary 
administration of microalgae Navicula sp. affects immune status and gene expression of 
gilthead seabream (Sparus aurata). Fish & Shellfish Immunology 35, 883-889. 
doi:http://dx.doi.org/10.1016/j.fsi.2013.06.026 

Rider, S.A., Davies, S.J., Jha, A.N., Fisher, A.A., Knight, J., Sweetman, J.W., 2009. Supra-
nutritional dietary intake of selenite and selenium yeast in normal and stressed rainbow 
trout (Oncorhynchus mykiss): Implications on selenium status and health responses. 
Aquaculture 295, 282-291. 

Riva, G., Teruzzi, T., Anolli, L., 2003. The use of the internet in psychological research: 
comparison of online and offline questionnaires. CyberPsychology & Behavior, 6(1), 73-
80. doi: 10.1089/109493103321167983 

Rombenso, A.N., Trushenski, J.T., Jirsa, D., Drawbridge, M., 2015. Successful fish oil sparing 
in white seabass feeds using saturated fatty acid-rich soybean oil and 22:6n-3 (DHA) 
supplementation. Aquaculture. 448, 176-185. 

Rodríguez, P., H., Rojas M, S., 2014. Efecto de dietas enriquecidas con vitamina e y selenio 
orgánico en el comportamiento productivo y calidad funcional del filete de trucha arco 
iris (Oncorhynchus mykiss). Revista de Investigaciones Veterinarias del Perú, 25, 213-
225. 

Rodriguez-Garcia, I., Guil-Guerrero, J.L., 2008. Evaluation of the antioxidant activity of three 
microalgal species for use as dietary supplements and in the preservation of foods. Food 
Chemistry. 108, 1023-1026. doi:http://dx.doi.org/10.1016/j.foodchem.2007.11.059 

Rogdakis, Y.G., Koukou, K.K., Ramfos, A., Dimitriou E., G.N., K., 2011. Comparative 
morphology of wild, farmed and hatchery released gilthead sea bream (Sparus aurata) 
in western Greece. International Journal of Fisheries and Aquaculture 3, 1-9. 

Roininen, K., Lähteenmäki, L., Tuorila, H., 1999. Quantification of consumer attitudes to 
health and hedonic characteristics of foods. Appetite 33(1), 71-88. doi: 
http://dx.doi.org/10.1006/appe.1999.0232 

http://dx.doi.org/10.1006/appe.1999.0232


References  Chapter 9 

 

250 
 

Rosa, R., Andrade, A.M., Bandarra, N.M., Nunes, M.L., 2010. Physiological and biochemical 
effects of conjugated linoleic acid and its use in aquaculture. Reviews in Aquaculture 2, 
59-72. doi: 10.1111/j.1753-5131.2010.01021.x 

Rozin, P., Spranca, M., Krieger, Z., Neuhaus, R., Surillo, D., Swerdlin, A., Wood, K., 2004. 
Preference for natural: instrumental and ideational/moral motivations, and the contrast 
between foods and medicines. Appetite 43, 147-154. 

Ruiz-Lopez, N., Haslam, R.P., Napier, J.A., Sayanova, O., 2014. Successful high-level 
accumulation of fish oil omega-3 long-chain polyunsaturated fatty acids in a transgenic 
oilseed crop. The Plant Journal 77, 198-208. 

Ruxton, C.H.S., Reed, S.C., Simpson, M.J.A., Millington, K.J., 2004. The health benefits of 
omega-3 polyunsaturated fatty acids: a review of the evidence. Journal of Human 
Nutrition and Dietetics 17, 449-459. 

Sacton, J., 1986. The Seafood Handbook: Seafood Business. John Wiley and Sons, Seattle, 
WA, 70p. 

Saffari, S., Keyvanshokooh, S., Zakeri, M., Johari, S.A., Pasha-Zanoosi, H., 2016. Effects of 
different dietary selenium sources (sodium selenite, selenomethionine and 
nanoselenium) on growth performance, muscle composition, blood enzymes and 
antioxidant status of common carp (Cyprinus carpio). Aquaculture Nutrition. Doi: 
10.1111/anu.12428 

Sahin, K., Orhan, C., Yazlak, H., Tuzcu, M., Sahin, N., 2014. Lycopene improves activation of 
antioxidant system and Nrf2/HO-1 pathway of muscle in rainbow trout (Oncorhynchus 
mykiss) with different stocking densities. Aquaculture. 430, 133-138. 
doi:http://dx.doi.org/10.1016/j.aquaculture.2014.04.007 

Salini, MJ., Turchini, G.M., Glencross, B.D., 2017. Effect of dietary saturated and 
monounsaturated fatty acids in juvenile barramundi Lates calcarifer. Aquaculture 
Nutrition, 23: 264-275.  

Sánchez-Muros, M.-J., Barroso, F.G., Manzano-Agugliaro, F., 2014. Insect meal as renewable 
source of food for animal feeding: a review. Journal of Cleaner Production 65, 16-27. 

Saravanan, P., Davidson, N.C., Schmidt, E.B., Calder, P.C., 2010. Cardiovascular effects of 
marine omega-3 fatty acids. The Lancet 376, 540-550. doi.org/10.1016/S0140-
6736(10)60445-X 

Schmid, S., Ranz, D., He, M.L., Bukard, S., Lukowicz, M.V., Reiter, R., Arnold, R., Le Deit, H., 
David, M., Rambeck, W.A., 2003. Marine algae as natural source of iodine in the feeding 
of freshwater fish - a new possibility to improve iodine supply of man. Revue de 
Médecine Vétérinaire 154, 645-648. 

Schmid, A., Walther, B., 2013. Natural vitamin D content in animal products. Advances in 
Nutrition: An International Review Journal 4, 453-462. doi: 10.3945/an.113.003780. 

Schmitz, G., Ecker, J., 2008. The opposing effects of n−3 and n−6 fatty acids. Progress in Lipid 
Research 47, 147-155. 



References  Chapter 9 

 

251 
 

Schram, E., Schelvis-Smit, R.A.A.M., Van Der Heul, J.W., Luten, J.B., 2010. Enrichment of the 
African catfish Clarias gariepinus (Burchell) with functional selenium originating from 
garlic: effect of enrichment period and depuration on total selenium level and sensory 
properties. Aquaculture Research 41, 793-803. doi: 10.1111/j.1365-2109.2009.02356.x 

Schubring, R., 2009. Colour Measurement. in: Rehbein, H., Oehlenschläger, J. (Eds.), Fishery 
Products: Quality, safety and authenticity. Wiley-Blackwell, Oxford, UK., pp. 127-172. 
doi:10.1002/9781444322668.ch7. 

Sefc, K.M., Brown, A.C., Clotfelter, E.D., 2014. Carotenoid-based coloration in cichlid fishes. 
Comparative Biochemistry and Physiology Part A: Molecular & Integrative Physiology. 
173, 42-51. doi:http://dx.doi.org/10.1016/j.cbpa.2014.03.006. 

Sérot, T., Gandemer, G., Demaimay, M., 1998. Lipid and fatty acid compositions of muscle 
from farmed and wild adult turbot. Aquaculture International, 6(5), 331-343. doi: 
10.1023/a:1009284905854 

Shahidi, F., Ambigaipalan, P., 2015. Novel functional food ingredients from marine sources. 
Current Opinion in Food Science 2, 123-129. doi: 
http://dx.doi.org/10.1016/j.cofs.2014.12.009 

Shahidi, F., Ambigaipalan, P., 2018. Omega-3 polyunsaturated fatty acids and their health 
benefits. Annual Review of Food Science and Technology 9:16.1–16.37 

Shahidi, F., Metusalach, Brown, J.A., 1998. Carotenoid pigments in seafoods and aquaculture. 
Critical Reviews in Food Science and Nutrition 38, 1-67. 
doi:10.1080/10408699891274165. 

Shepherd, J., Bachis, E., 2014. Changing supply and demand for fish oil. Aquaculture 
Economics & Management. 18: 395-416 

Sherry, C.L., Oliver, J.S., Marriage, B.J., 2015. Docosahexaenoic acid supplementation in 
lactating women increases breast milk and plasma docosahexaenoic acid concentrations 
and alters infant omega 6:3 fatty acid ratio. Prostaglandins, Leukotrienes and Essential 
Fatty Acids 95, 63-69. 

Shields, R.J., Lupatsch, I., 2012. Algae for aquaculture and animal feeds. 
Technikfolgenabschätzung - Theorie und Praxis 21, 23-37. 

Siegrist, M., Shi, J., Giusto, A., Hartmann, C., 2015. Worlds apart. Consumer acceptance of 
functional foods and beverages in Germany and China. Appetite 92, 87-93. doi: 
http://dx.doi.org/10.1016/j.appet.2015.05.017 

Siegrist, M., Stampfli, N., Kastenholz, H., 2008. Consumers’ willingness to buy functional 
foods. The influence of carrier, benefit and trust. Appetite 51, 526-529. 

Šimat, V., Bogdanović, T., Krželj, M., Soldo, A., Maršić-Lučić, J., 2012. Differences in chemical, 
physical and sensory properties during shelf life assessment of wild and farmed gilthead 
sea bream (Sparus aurata, L.). Journal of Applied Ichthyology. 28, 95-101. 
doi:10.1111/j.1439-0426.2011.01883.x 

http://dx.doi.org/10.1016/j.cofs.2014.12.009


References  Chapter 9 

 

252 
 

Simopoulos, A.P., 2016. Evolutionary aspects of the dietary omega-6/omega-3 fatty acid 
ratio: medical implications. In: Alvergne, A., Jenkinson, C., Faurie, C. (Eds.), Evolutionary 
Thinking in Medicine: From Research to Policy and Practice. Springer International 
Publishing, Cham. pp. 119-134. 

Siró, I., Kápolna, E., Kápolna, B., Lugasi, A., 2008. Functional food. Product development, 
marketing and consumer acceptance—A review. Appetite 51, 456-467. 
http://dx.doi.org/10.1016/j.appet.2008.05.060 

Skřivan, M., Marounek, M., Dlouhá, G., ŠevčÍková, S., 2008. Dietary selenium increases 
vitamin E contents of egg yolk and chicken meat. British Poultry Science. 49, 482-486. 

Soler-Vila, A., Coughlan, S., Guiry, M., Kraan, S., 2009. The red alga Porphyra dioica as a fish-
feed ingredient for rainbow trout (Oncorhynchus mykiss): effects on growth, feed 
efficiency, and carcass composition. Journal of Applied Phycology 21, 617-624. doi: 
10.1007/s10811-009-9423-z 

Spence, C., Levitan, C.A., Shankar, M.U., Zampini, M., 2010. Does food color influence taste 
and flavor perception in humans? Chemosensory Perception. 3, 68-84. 
doi:10.1007/s12078-010-9067-z 

Spiro, A., Buttriss, J. L., 2014. Vitamin D: An overview of vitamin D status and intake in Europe. 
Nutrition Bulletin, 39: 322–350. doi:10.1111/nbu.12108 

Sprague, M., Betancor, M.B., Tocher, D.R., 2017. Microbial and genetically engineered oils as 
replacements for fish oil in aquaculture feeds. Biotechnology Letters, 39: 1599–1609. 

Sprague, M., Dick, J.R., Tocher, D.R., 2016. Impact of sustainable feeds on omega-3 long-
chain fatty acid levels in farmed Atlantic salmon, 2006–2015. Scientific Reports, 6, 
21892, pp 9. 

Stéphan, G., Guillaume, J., Lamour, F., 1995. Lipid peroxidation in turbot (Scophthalmus 
maximus) tissue: effect of dietary vitamin E and dietary n − 6 or n − 3 polyunsaturated 
fatty acids. Aquaculture 130, 251-268. 

Steptoe, A., Pollard, T. M., Wardle, J., 1995. Development of a measure of the motives 
underlying the selection of food: the food choice questionnaire. Appetite, 25(3), 267-
284. doi: http://dx.doi.org/10.1006/appe.1995.0061 

Stoffaneller, R., Morse, N., 2015. A review of dietary selenium intake and selenium status in 
Europe and the Middle East. Nutrients 7(3), 1494. 

Stonehouse, W., Pauga, M.R., Kruger, R., Thomson, C.D., Wong, M., Kruger, M.C., 2011. 
Consumption of salmon v. salmon oil capsules: effects on n-3 PUFA and selenium status. 
British Journal of Nutrition 106, 1231-1239. 

Storebakken, T., Foss, P., Schiedt, K., Austreng, E., Liaaen-Jensen, S., Manz, U., 1987. 
Carotenoids in diets for salmonids. Aquaculture 65, 279-292.  
doi:http://dx.doi.org/10.1016/0044-8486(87)90241-9 



References  Chapter 9 

 

253 
 

Stubhaug, I., Lie, Ø., Torstensen, B.E., 2007. Fatty acid productive value and β-oxidation 
capacity in Atlantic salmon (Salmo salar L.) fed on different lipid sources along the whole 
growth period. Aquaculture Nutrition 13, 145-155. 

Swigert, K. S., McKeith, F. K., Carr, T. C., Brewer, M. S., Culbertson, M., 2004. Effects of dietary 
vitamin D3, vitamin E, and magnesium supplementation on pork quality. Meat Science, 
67(1), 81-86. doi: http://dx.doi.org/10.1016/j.meatsci.2003.09.008 

Tacon, A.G.J., Hasan, M.R., Metian, M., 2011. Demand and supply of feed ingredients for 
farmed fish and crustaceans: trends and prospects. FAO Fisheries and Aquaculture 
Technical Paper 564. 87 pp. 

Tacon, A.G.J., Metian, M., 2013. Fish Matters: Importance of Aquatic Foods in Human 
Nutrition and Global Food Supply. Reviews in Fisheries Science 21, 22-38. 

Teas, J., Pino, S., Critchley, A., Braverman, L.E., 2004. Variability of iodine content in common 
commercially available edible seaweeds. Thyroid 14, 836-841. 

Teratanavat, R., Hooker, N.H., 2006. Consumer valuations and preference heterogeneity for 
a novel functional food. Journal of Food Science 71, S533-S541. doi: 10.1111/j.1750-
3841.2006.00120.x 

Thanuthong, T., Francis, D.S., Senadheera, S.P.S.D., Jones, P.L., Turchini, G.M., 2011. LC-PUFA 
biosynthesis in rainbow trout is substrate limited: use of the whole body fatty acid 
balance method and different 18:3n-3/18:2n-6 ratios. Lipids 46: 1111–1127. 

Tibaldi, E., Chini Zittelli, G., Parisi, G., Bruno, M., Giorgi, G., Tulli, F., Venturini, S., Tredici, M.R., 
Poli, B.M., 2015. Growth performance and quality traits of European sea bass (D. labrax) 
fed diets including increasing levels of freeze-dried Isochrysis sp. (T-ISO) biomass as a 
source of protein and n-3 long chain PUFA in partial substitution of fish derivatives. 
Aquaculture. 440, 60-68. doi:http://dx.doi.org/10.1016/j.aquaculture.2015.02.002. 

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

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

Tocher, D.R., Mourente, G., Van Der Eecken, A., Evjemo, J.O., Diaz, E., Bell, J.G., Geurden, I., 
Lavens, P., Olsen, Y., 2002. Effects of dietary vitamin E on antioxidant defence 
mechanisms of juvenile turbot (Scophthalmus maximus L.), halibut (Hippoglossus 
hippoglossus L.) and sea bream (Sparus aurata L.). Aquaculture Nutrition 8, 195-207. 

Torrissen, O.J., 1985. Pigmentation of salmonids: Factors affecting carotenoid deposition in 
rainbow trout (Salmo gairdneri). Aquaculture. 46, 133-142. 
doi:http://dx.doi.org/10.1016/0044-8486(85)90197-8 

Torstensen, B.E., Bell, J.G., Rosenlund, G., Henderson, R.J., Graff, I.E., Tocher, D.R., Lie, Ø., 
Sargent, J.R., 2005. Tailoring of Atlantic salmon (Salmo salar L.) flesh lipid composition 



References  Chapter 9 

 

254 
 

and sensory quality by replacing fish oil with a vegetable oil blend. Journal of Agricultural 
and Food Chemistry 53, 10166-10178. 

Torstensen, B.E., Tocher, D.R., 2010. The effect of fish oil replacement on lipid metabolism 
of fish, in: Turchini, G., Ng, W.-K., Tocher, D.R. (Eds.), Fish oil replacement and alternative 
lipid sources in aquaculture feeds. CRC Press, Boca Raton, FL, pp. 405-437. 

Tripkovic, L., Lambert, H., Hart, K., Smith, C.P., Bucca, G., Penson, S., Chope, G., Hyppönen, 
E., Berry, J., Vieth, R., Lanham-New, S., 2012. Comparison of vitamin D2 and vitamin D3 
supplementation in raising serum 25-hydroxyvitamin D status: a systematic review and 
meta-analysis. The American Journal of Clinical Nutrition 95, 1357-1364. 

Troesch, B., Hoeft, B., McBurney, M., Eggersdorfer, M., Weber, P., 2012. Dietary surveys 
indicate vitamin intakes below recommendations are common in representative 
Western countries. British Journal of Nutrition, 108(04), 692-698. doi: 
doi:10.1017/S0007114512001808 

Trondsen, T., Braaten, T., Lund, E., Eggen, A.E., 2004a. Consumption of seafood—the 
influence of overweight and health beliefs. Food Quality and Preference 15, 361-374. 

Trondsen, T., Braaten, T., Lund, E., Eggen, A. E., 2004b. Health and seafood consumption 
patterns among women aged 45–69 years. A Norwegian seafood consumption study. 
Food Quality and Preference, 15(2), 117-128. doi: http://dx.doi.org/10.1016/S0950-
3293(03)00038-7 

Trushenski, J.T., Boesenberg, J., 2009. Influence of dietary fish oil concentration and finishing 

duration on beneficial fatty acid profile restoration in sunshine bass Morone chrysops ♀ 

x M. saxatilis ♂. Aquaculture 296, 277-283. 

Trushenski, J., Rosenquist, J., Gause, B., 2011. growth performance, tissue fatty acid 
composition, and consumer appeal of rainbow trout reared on feeds containing 
terrestrially derived rendered fats. North American Journal of Aquaculture, 73, 468-478. 
doi: 10.1080/15222055.2011.633691 

Tulli, F., Chini Zittelli, G., Giorgi, G., Poli, B.M., Tibaldi, E., Tredici, M.R., 2012. Effect of the 
inclusion of dried Tetraselmis suecica on growth, feed utilization, and fillet composition 
of european sea bass juveniles fed organic diets. Journal of Aquatic Food Product 
Technology. 21, 188-197. doi:10.1080/10498850.2012.664803 

Tuorila, H., Cardello, A.V., 2002. Consumer responses to an off-flavor in juice in the presence 
of specific health claims. Food Quality and Preference 13, 561-569. 

Turchini, G.M., Francis, D.S., 2009. Fatty acid metabolism (desaturation, elongation and b-
oxidation) in rainbow trout fed fish oil- or linseed oil-based diets. British Journal of 
Nutrition, 102: 69–81. 

Turchini, G.M., Francis, D.S., De Silva, S.S., 2006. Modification of tissue fatty acid composition 
in Murray cod (Maccullochella peelii peelii, Mitchell) resulting from a shift from 
vegetable oil diets to a fish oil diet. Aquaculture Research 37, 570-585. 



References  Chapter 9 

 

255 
 

Turchini, G., Francis, D., Senadheera, S., Thanuthong, T., De Silva, S., 2011. Fish oil 
replacement with different vegetable oils in Murray Cod: evidence of an “omega-3 
sparing effect” by other dietary fatty acids. Aquaculture. 315, 250-259. 

Turchini, G.M., Ng, W.-K., Tocher, D.R., 2010. Fish oil replacement and alternative lipid 
sources in aquaculture feeds. CRC Press, Boca Raton, FL, USA. 551 pp. 

Turchini, G.M., Torstensen, B.E., Ng, W.K., 2009. Fish oil replacement in finfish nutrition. 
Reviews in Aquaculture 1, 10-57. doi: 10.1111/j.1753-5131.2008.01001.x 

Ulbricht, T.L.V., Southgate, D.A.T., 1991. Coronary heart disease: seven dietary factors. The 
Lancet 338, 985-992. doi.org/10.1016/0140-6736(91)91846-M 

Underwood, E.J., Suttle, N.F., 2001. Iodine. in: Underwood, E.J., Suttle, N.F. (Eds.), The 
mineral nutrition of livestock pp. 343-373. doi: 10.1079/9780851991283.0343 

Urala, N., Lähteenmäki, L., 2007. Consumers’ changing attitudes towards functional foods. 
Food Quality and Preference 18, 1-12.  
http://dx.doi.org/10.1016/j.foodqual.2005.06.007 

U.S.D.A. (Department of Health and Human Services and U.S. Department of Agriculture) 
2015. 2015 – 2020 Dietary Guidelines for Americans. 8th Edition. 207 pp. Accessed 
online on 19 May 2016. Available at: http://health.gov/dietaryguidelines/2015/guidelines/. 

Valente, L.M.P., Cornet, J., Donnay-Moreno, C., Gouygou, J.P., Bergé, J.P., Bacelar, M., 
Escórcio, C., Rocha, E., Malhão, F., Cardinal, M., 2011. Quality differences of gilthead sea 
bream from distinct production systems in Southern Europe: Intensive, integrated, semi-
intensive or extensive systems. Food Control 22, 708-717. doi: 
http://dx.doi.org/10.1016/j.foodcont.2010.11.001 

Valente, L.M.P., Gouveia, A., Rema, P., Matos, J., Gomes, E.F., Pinto, I.S., 2006. Evaluation of 
three seaweeds Gracilaria bursa-pastoris, Ulva rigida and Gracilaria cornea as dietary 
ingredients in European sea bass (Dicentrarchus labrax) juveniles. Aquaculture 252, 85-
91. http://dx.doi.org/10.1016/j.aquaculture.2005.11.052 

Valente, L.M.P., Rema, P., Ferraro, V., Pintado, M., Sousa-Pinto, I., Cunha, L.M., Oliveira, M.B., 
Araújo, M., 2015. Iodine enrichment of rainbow trout flesh by dietary supplementation 
with the red seaweed Gracilaria vermiculophylla. Aquaculture 446, 132-139. 

van Kleef, E., van Trijp, H.C.M., Luning, P., 2005. Functional foods: health claim-food product 
compatibility and the impact of health claim framing on consumer evaluation. Appetite 
44, 299-308. 

Van Paemel, M., Dierick, N., Janssens, G., Fievez, V., De Smet, S., 2010. Selected trace and 
ultratrace elements: Biological role, content in feed and requirements in animal 
nutrition – Elements for risk assessment. EFSA Supporting Publication 2010; 7(7), EN-68, 
1132 pp. doi:10.2903/sp.efsa.2010.EN-68 

Vanden Heuvel, J.P., 2004. Diet, fatty acids, and regulation of genes important for heart 
disease. Current Atherosclerosis Reports 6, 432-440. 

http://health.gov/dietaryguidelines/2015/guidelines/


References  Chapter 9 

 

256 
 

Vanhonacker, F., Altintzoglou, T., Luten, J., Verbeke, W., 2011. Does fish origin matter to 
European consumers?: Insights from a consumer survey in Belgium, Norway and Spain. 
British Food Journal, 113(4), 535-549. doi: doi:10.1108/00070701111124005 

Vasconcellos, J.P., Vasconcellos, S.A., Pinheiro, S.R., de Oliveira, T.H.N., Ribeiro, N.A.S., 
Martins, C.N., Porfírio, B.A., Sanches, S.A., de Souza, O.B., Telles, E.O., Balian, S.d.C., 
2013. Individual determinants of fish choosing in open-air street markets from Santo 
André, SP/Brazil. Appetite 68, 105-111.  
doi:http://dx.doi.org/10.1016/j.appet.2013.04.019. 

Vasconi, M., Caprino, F., Bellagamba, F., Moretti, V.M., 2017. Fatty acid composition of 
gilthead sea bream (Sparus aurata) fillets as affected by current changes in aquafeed 
formulation. Turkish Journal of Fisheries and Aquatic Science, 17: 451-459. 

Vella, M.N., Stratton, L.M., Sheeshka, J., Duncan, A.M., 2013. Exploration of functional food 
consumption in older adults in relation to food matrices, bioactive ingredients, and 
health. Journal of Nutrition in Gerontology and Geriatrics 32, 122-144. doi: 
10.1080/21551197.2013.781419 

Verbeke, W., 2005. Consumer acceptance of functional foods: socio-demographic, cognitive 
and attitudinal determinants. Food Quality and Preference 16, 45-57. doi: 
http://dx.doi.org/10.1016/j.foodqual.2004.01.001 

Verbeke, W., 2006. Functional foods: Consumer willingness to compromise on taste for 
health? Food Quality and Preference 17, 126-131. 

Verbeke, W., Sioen, I., Brunsø, K., De Henauw, S., Van Camp, J., 2007. Consumer perception 
versus scientific evidence of farmed and wild fish: exploratory insights from Belgium. 
Aquaculture International 15, 121-136. doi: 10.1007/s10499-007-9072-7 

Verbeke, W., Sioen, I., Pieniak, Z., Van Camp, J., De Henauw, S., 2005. Consumer perception 
versus scientific evidence about health benefits and safety risks from fish consumption. 
Public Health Nutrition 8, 422-429. doi: doi:10.1079/PHN2004697 

Verbeke, W., Vackier, I., 2005. Individual determinants of fish consumption: application of 
the theory of planned behaviour. Appetite, 44(1), 67-82. doi: 
http://dx.doi.org/10.1016/j.appet.2004.08.006 

Waite, R., Beveridge, M., Brummett, R., Castine, S., Chaiyawannakarn, N., Kaushik, S., 
Mungkung, R., Nawapakpilai, S., Phillips, M., 2014. Improving productivity and 
environmental performance of aquaculture. Working Paper, Installment 5 of Creating a 
Sustainable Food Future. Washington, DC: World Resources Institute. 

Walker, A.B., Berlinsky, D.L., 2011. Effects of partial replacement of fish meal protein by 
microalgae on growth, feed intake, and body composition of Atlantic cod. North 
American Journal of Aquaculture. 73, 76-83. doi:10.1080/15222055.2010.549030. 

Wang, C., Harris, W.S., Chung, M., Lichtenstein, A.H., Balk, E.M., Kupelnick, B., Jordan, H.S., 
Lau, J., 2006. N−3 Fatty acids from fish or fish-oil supplements, but not α-linolenic acid, 



References  Chapter 9 

 

257 
 

benefit cardiovascular disease outcomes in primary- and secondary-prevention studies: 
a systematic review. The American Journal of Clinical Nutrition 84, 5-17. 

Wang, C., Lovell, R.T., 1997. Organic selenium sources, selenomethionine and selenoyeast, 
have higher bioavailability than an inorganic selenium source, sodium selenite, in diets 
for channel catfish (Ictalurus punctatus). Aquaculture 152, 223-234. 

Wassef, E.A., Chatzifotis, S., Sakr, E.M., Saleh, N.E., 2010. Effect of two natural carotenoid 
sources in diets for gilthead seabream, Sparus aurata, on growth and skin coloration. 
Journal of Applied Aquaculture 22, 216-229. doi:10.1080/10454438.2010.497741. 

Watanabe, T., Kiron, V., Satoh, S., 1997. Trace minerals in fish nutrition. Aquaculture 151, 
185-207. doi.org/10.1016/S0044-8486(96)01503-7 

West, G. E., Gendron, C., Larue, B., Lambert, R., 2002. Consumers’ valuation of functional 
properties of foods: results from a Canada-wide survey. Canadian Journal of Agricultural 
Economics/Revue canadienne d'agroeconomie 50(4), 541-558. doi: 10.1111/j.1744-
7976.2002.tb00354.x. 

Weihrauch, J., Posati, L., Anderson, B., Exler, J., 1977. Lipid conversion factors for calculating 
fatty acid contents of foods. Journal of the American Oil Chemists’ Society 54(1), 36-40. 
doi: 10.1007/bf02671370 

Wilborn B.S., Kerth C.R., Owsley W.F., Jones W.R., Frobish L.T., 2004. Improving pork quality 
by feeding supranutritional concentrations of vitamin D3. Journal of Animal Science, 82, 
218–224. doi: /2004.821218x 

Whitmarsh, D., Palmieri, M. G., 2011. Consumer behaviour and environmental preferences: 
a case study of Scottish salmon aquaculture. Aquaculture Research 42, 142-147. doi: 
10.1111/j.1365-2109.2010.02672.x 

WHO, 1996. Trace elements in human nutrition and health. World Health Organization, 
Geneva, pp. 361 

WHO, 2014. Salt reduction and iodine fortification strategies in public health: report of a joint 
technical meeting. World Health Organization, Geneva, pp. 36. 

WHO, 2015. Vitamin D nutrition with a focus on the prevention of rickets and vitamin D 
deficiency in pregnant women. Accessed online on 15 October 2018. Available at: 
http://www.who.int/nutrition/events/2015_vit_d_workshop_pregnantwomen_21to24
Apr15/en/ 

WHO, 2016. The top 10 causes of death. Accessed online on 24 May 2016. Available at:  
http://www.who.int/mediacentre/factsheets/fs310/en/index2.html 

WHO, FAO, 2004. Vitamin and mineral requirements in human nutrition. Second edition. 
World Health Organization, Food and Agricultural Organization of the United Nations, 
pp. 341. 

WHO, FAO, 2006. Guidelines on food fortification with micronutrients. Allen L, de 
Benoist B, Dary O, Hurrell R, editors. Geneva: WHO. Available from: 
http://www.who.int/nutrition/publications/micronutrients/9241594012/en/ 



References  Chapter 9 

 

258 
 

WHO, UNICEF, ICCIDD, 2007. Assessment of iodine deficiency disorders and monitoring their 
elimination, 3rd edn. Geneva: World Health Organisation. 98 pp. 

Williams, P. J. B., Laurens, M. L., 2010. Microalgae as biodiesel & biomass feedstocks: Review 
& analysis of the biochemistry, energetics & economics. Energy & Environmental Science 
3, 554-590. Doi: 10.1039/B924978H 

Winger, R.J., König, J., House, D.A., 2008. Technological issues associated with iodine 
fortification of foods. Trends in Food Science & Technology 19, 94-101. 
doi.org/10.1016/j.tifs.2007.08.002 

World Gastroenterology Organisation, 2008. 10 global nutritional recommendations to 
improve digestive health. Accessed online on 24 May 2016. Available at:   
http://www.worldgastroenterology.org/assets/downloads/pdf/wdhd/2008/events/wdhd08_ca
rtel_10_global_nutrition.pdf 

World Bank, 2013. Fish to 2030: prospects for fisheries and aquaculture. Agriculture and 
environmental services discussion paper no. 3. Washington DC; World Bank Group 

World Data Bank, 2011. Countries per capita Gross National Income. Accessed online on 24 
May 2015. Available at:  https://data.worldbank.org/ 

Wright, K. B., 2005. Researching internet-based populations: advantages and disadvantages 
of online survey research, online questionnaire authoring software packages, and web 
survey services. Journal of Computer-Mediated Communication 10(3), 00-00. doi: 
10.1111/j.1083-6101.2005.tb00259.x 

Yao, L., Wang, T., Persia, M., Horst, R. L., Higgins, M., 2013. Effects of vitamin D3-enriched 
diet on egg yolk vitamin D3 content and yolk quality. Journal of Food Science, 78(2), 
C178-C183. doi: 10.1111/1750-3841.12032 

Ytrestøyl, T., Aas, T.S., Åsgård, T., 2015. Utilisation of feed resources in production of Atlantic 
salmon (Salmo salar) in Norway. Aquaculture. 448, 365-374. 

Zhou, L., Han, D., Zhu, X., Yang, Y., Jin, J., Xie, S., 2015. Effects of total replacement of fish oil 
by pork lard or rapeseed oil and recovery by a fish oil finishing diet on growth, health 
and fish quality of gibel carp (Carassius auratus gibelio). Aquaculture Research. 
Doi: 10.1111/are.12748 

Zhu, Y., Ding, Q., Chan, J., Chen, P., Wang, C., 2015. The effects of concurrent 
supplementation of dietary phytase, citric acid and vitamin D3 on growth and mineral 
utilization in juvenile yellow catfish Pelteobagrus fulvidraco. Aquaculture, 436, 143-150. 
doi: http://dx.doi.org/10.1016/j.aquaculture.2014.11.006 

Zimmermann, M.B., 2007. The Adverse Effects of Mild-to-Moderate Iodine Deficiency during 
Pregnancy and Childhood: A Review. Thyroid 17, 829-835. 
https://doi.org/10.1089/thy.2007.0108 

Zimmermann, M.B., Andersson, M., 2012. Update on iodine status worldwide. Current 
Opinion in Endocrinology, Diabetes and Obesity 19, 382-387. doi: 
10.1097/MED.0b013e328357271a 

https://data.worldbank.org/
http://dx.doi.org/10.1016/j.aquaculture.2014.11.006

