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Abstract 

 

The production of high quality and healthy fish larvae and juveniles is an 

important target for the successful and competitive growth of the aquaculture 

industry. Still, most marine fish larvae produced under intensive rearing conditions 

are known to be affected by several afflictions, including low survival rates and a high 

incidence of skeletal anomalies. Amongst other factors, nutrition has a key role in 

skeletogenesis. While taking advantage of an industrial setting, we performed the 

nutritional optimization of a commercial larval feed, that can be used as a tool to 

mitigate these negative factors relevant for fish welfare and production. 

  

The incorporation of hydrolysates of different marine origin into larval feeds 

demonstrated the potential that these ingredients (specifically anchovy and giant 

squid) have to increase growth, without negatively affecting the digestive capacity or 

skeletal development of gilthead seabream larvae, possibly due to their unique 

makeup in specific amino acids and peptide molecular weight profiles (Chapter III.1.).   

  

To avoid excessive animal experimentation, an in vitro approach was applied 

to assess the potential effect of certain trace minerals and vitamins (copper, 

manganese, zinc, Vit. B1 and Vit. B6) had on bone cell related processes, such as 

mineralization (Chapter IV.1.1.). All minerals and vitamins enhanced the 

mineralization of the extracellular matrix of a bone derived cell culture from gilthead 

seabream, demonstrating that this in vitro tool could be useful to complement larval 

fish nutritional trials. 

  

The removal of calcium (Chapter IV.2.1.1.), that can have a potential antagonist 

effect on the bioavailability of other minerals and/or nutrients, from the premix used 

in larval feed was also performed, leading to the observation that a low Ca:P ratio, 

ranging between 0.5 and 0.7, is adequate to support a high survival and growth 

performance in Senegalese sole larvae, without compromising bone development and 

skeletal formation. 

 

The replacement of inorganic mineral forms (sulphates) of Cu, Fe, Mn and Zn 

by their organic glycinate-chelated forms, did not generate marked beneficial effects 



 
 

 xi 

on somatic growth and bone development in Senegalese sole and European seabass 

larvae fed high quality commercial microdiets (Chapter IV.2.1.2.).  

 

Dietary levels of Mn (90 mg.kg
-1

) and Zn (130 mg.kg
-1

) could help improve larval 

survival, decrease the severity of vertebral malformations and increase the deposition 

of Mn in bone, that could be useful to counteract oxidative stress under certain 

stressful conditions (Chapter IV.2.1.3.).  

 

B-Vitamin supplementation (B1, B6 and B12) to larval feeds brings no clear 

advantage in attempting to enhance the growth performance and bone status of 

Senegalese sole larvae (Chapter IV.2.2.1.).  

  

 Although choline supplementation to vitamin premixes can decrease their 

stability, it is still necessary when feeding Senegalese sole larvae as, it’s removal can 

reduce growth criteria (Chapter IV.2.2.2.). 

 

 The conclusions obtained throughout this thesis may prove to be valuable to 

the aquatic feed industry as an increased knowledge of the biological outcomes that 

derive from dietary modifications in feed can be used to improve the suitability of 

microdiets for the increasing number of fish and marine fish species being reared. 
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Resumo 

 

 A produção de larvas e juvenis de peixes saudáveis e de alta qualidade é um 

alvo importante para o crescimento próspero e competitivo da indústria da 

aquicultura. Ainda assim, sabe-se que a maioria das larvas de peixes marinhos 

produzidas sob condições intensivas são afetados por várias condições negativas, 

incluindo baixas taxas de sobrevivência e alta incidência de anomalias esqueléticas. 

Entre outros fatores, a nutrição tem um papel fundamental no desenvolvimento do 

esqueleto. Tirando proveito de um ambiente industrial, realizámos a otimização 

nutricional de uma ração comercial para larvas, que pode ser usada como uma 

ferramenta para aliviar esses fatores, negativos relevantes para o bem-estar e a 

produção de peixes. 

  

 A incorporação de hidrolisados de diferente origem marinha em rações para 

larvas de peixe demonstrou o potencial que esses ingredientes (especificamente 

anchova e lula gigante) têm para aumentar o crescimento, sem afetar negativamente 

a capacidade digestiva ou o desenvolvimento esquelético de larvas de douradas, 

possivelmente devido à sua composição única em aminoácidos específicos e do perfil 

de pesos moleculares dos peptídeos (Capítulo III). 

  

 Para evitar a excessiva experimentação animal, foi aplicada uma abordagem 

in vitro para avaliar o potencial efeito que certos minerais e vitaminas (cobre, 

manganês, zinco, Vit. B1 e Vit. B6) têm em processos relacionados com as células 

ósseas, como a mineralização (Capítulo IV.1.1.). Todos os minerais e vitaminas 

melhoraram a mineralização da matriz extracelular de uma cultura celular derivada 

de ossos de dourada, demonstrando que esta ferramenta in vitro poderá ser útil para 

complementar ensaios nutricionais com larvas de peixes. 

  

 Também foi realizada a remoção do cálcio (Capítulo IV.2.1.1), que pode ter 

um potencial efeito antagonista na biodisponibilidade de outros minerais e / ou 

nutrientes, da pré-mistura usada na ração para larvas de peixe, levando à observação 

de que um baixo rácio Ca:P, variando entre 0,5 e 0,7, é adequado para suportar um 

alto desempenho de sobrevivência e crescimento em larvas de linguado, sem 

comprometer o desenvolvimento ósseo e a formação do esqueleto. 
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 A substituição de formas minerais inorgânicas (sulfatos) de Cu, Fe, Mn e Zn 

pelas formas queladas de glicinato orgânico não gerou efeitos benéficos marcantes 

no crescimento somático e no desenvolvimento ósseo em larvas de linguado e larvas 

de robalo alimentadas com microdietas comerciais de alta qualidade (Capítulo 

IV.2.1.2). 

 

 Os níveis de Mn (90 mg.kg
-1

) e Zn (130 mg.kg
-1

) em rações de larvas de peixe 

podem ajudar a melhorar a sobrevivência larvar, diminuir a severidade das 

malformações vertebrais e aumentar a deposição de Mn no osso, o que pode ser útil 

para combater o stress oxidativo sob certas condições desfavoráveis (Capítulo 

IV.2.1.3). 

  

 A suplementação de vitaminas B (B1, B6 e B12) na ração para larvas de peixe 

não traz nenhuma vantagem clara na melhoria do desempenho do crescimento nem 

do estado ósseo das larvas de linguado (Capítulo IV.2.2.1). 

  

 Embora a suplementação de colina às pré-misturas vitamínicas possa 

diminuir a sua estabilidade, é necessário incluí-la na alimentação de larvas de 

linguado, pois a sua remoção pode reduzir desempenhos de crescimento (Capítulo 

IV.2.2.2). 

 

 As conclusões obtidas ao longo desta tese podem revelar-se valiosas para a 

indústria de rações para larvas de peixe, pois um maior conhecimento das 

consequências biológicas que advêm de modificações na dieta pode ser usado para 

melhor adaptar microdietas para um crescente número de espécies de peixes a ser 

cultivado em aquacultura. 
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Chapter I – General Introduction  
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I – Introduction 

 

I.1. The potential of aquaculture 

Global populational projections show that by 2050 the human population will 

reach well over 9 billion people (DESA, 2015). This represents an enormous societal 

challenge to provide food and livelihoods for this growing number of individuals, 

while simultaneously addressing the impacts of climate change and environmental 

degradation on the resources base. Moreover, the natural resources needed to 

sustain food production are already limited and competition for these resources by 

different sectors of the food production industry is increasing. For example, 

agriculture accounts for 70% of freshwater demand while crop and pastureland 

occupy 30% of land surface area (FAO, 2018a). Furthermore, expansion of agricultural 

activities is a major contributor to a range of critical environmental problems, 

including climate change, biodiversity loss, water pollution, and perturbation of the 

global nitrogen cycle (Foley et al., 2005).  

 

Alternatives to traditional land-based food production systems must be 

exploited in order to minimize the detrimental effects that these systems have on 

global ecology and resources. Currently the popularization of the consumption of 

aquatic species has been globally widespread due to the increasing awareness of the 

health benefits that this habit brings. The most prominent example is the 

consumption of omega-3 fatty acids, which are typically found in most fish. Multiple 

research studies indicate these fatty acids can help fight depression (Wani et al., 

2015), promote healthy brain tissue (Strickland, 2014), reduce the risk of heart 

disease (Peter et al., 2013) and reduce many forms of cancer (Terry et al., 2004; 

Zhong et al., 2013), among other health benefits. The increasing demand of fish 

meant for human consumption has been so pronounced that between 1961 and 

2016, the average annual increase in global food fish consumption (3.2%) outpaced 

population growth (1.6%) and exceeded that of meat from all terrestrial animals 

combined (2.8%) (FAO, 2018b).  

 

Fish and seafood are valuable sources of animal protein and the contribution 

of fish for global animal protein intake was 16.9 % in 2013 and 6.7 % of all plant and 

animal protein consumed (FAO, 2018b). 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% 
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in Northern America) where protein consumption is over 109 g/per capita/day (FAO, 

2018b). It is generally observed that an increase of meat consumption (animal 

proteins) is generally associated to higher income (Figure 1). However, seafood 

consumption shows a lower association to income, and represents a very important 

fraction, in some cases over 50 %, of total animal protein intake in several low-income 

countries from Asia, Latin America and Africa (Figure 2). In 2018, the per capita 

seafood consumption in the European Union (EU) reached 24.33 kg, which represents 

an increase of 763 grams, or 3% above 2015 values. Portugal’s apparent consumption 

of fish and seafood increased 3% from 2015 to 2016, reaching 57 kg, the highest in 

the EU and more than twice the EU’s average consumption per capita (EUMOFA, 2018). 

 

 

Figure 1. Average meat consumption (kg/year) vs. gross domestic product (GDP) per 

capita (data 2011). Source: Ritchie and Roser (2019). 
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Figure 2. Average seafood consumption (kg/year) vs. gross domestic product (GDP) 

per capita (data 2011). Source: Ritchie and Roser (2019). 

 

Capture fishery’s reached their peak level of productivity in the late 1980s and 

in 2015, 33.1% of global marine fishery stocks were classified as overfished (FAO, 

2018b). If not for the aquaculture industry being responsible for filling the gap 

between the relatively stable captures and the increasing demand of fish for human 

consumption, by 2048, the world marine resources would most likely be exhausted, 

as predicted in 2006 by Worm and collaborators (Worm et al., 2006). 

 

Aquaculture represents one of the best opportunities for increasing global 

animal protein production while minimizing resource demands and environmental 

impacts. Compared to conventional terrestrial animal production, cold-blooded 

organisms reared in aquatic environments typically have superior feed-conversion 

efficiencies (FAO, 2016). For example, land dedicated to fish ponds will produce ten 

times or more consumable product than the same land used to raise cattle or pork, 

while requiring significantly less input. In fact, aquaculture activities have a 

significantly lower impact on certain environmental indicators, such as land use, 

energy use, acidification potential and eutrophication potential, than other land 

based food production industries (Clark and Tilman, 2017). In addition to the 

environmental and economic benefits, aquaculture can also have social benefits. The 

aquaculture industry increases the number of possible jobs in the market as it creates 

job opportunities because of the labor required to maintain and harvest the 
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organisms grown. The increase in jobs occurs mostly in third world countries as 

aquaculture provides both a food source and an extra source of income to 

supplement those who live in these regions. Official statistics indicate that between 

1990 and 2016 the proportion of those employed in aquaculture increased from 17 

to 32% (FAO, 2018b).  

 

Aquaculture is currently the fastest growing animal food production sector. By 

2016, global production has been recorded a total of 598 “species items”. Species 

items recorded so far include 369 finfishes (including 5 hybrids), 109 molluscs, 64 

crustaceans, 7 amphibians and reptiles (excluding alligators, caimans or crocodiles), 

9 aquatic invertebrates and 40 aquatic algae (FAO, 2018b). Farmed food fish 

production included 54.1 million tons of finfish, 17.1 million tons of molluscs, 7.9 

million tons of crustaceans and 938 500 tons of other aquatic animals (FAO, 2018b).  

 

The open ocean environment is largely untapped as a farming resource and can 

represent an immense opportunity for food production and a means to decrease 

freshwater utilization, a natural resource increasingly scarcer. The majority of 

existing aquaculture takes place on land, in freshwater and in nearshore marine 

waters (Gentry et al., 2017). Marine aquaculture appears to have several advantages 

over the more traditional culturing methods, including fewer spatial conflicts and a 

higher nutrient assimilation capacity (Holmer, 2010; Froehlich et al., 2017), 

highlighting the opportunities for sustainable marine development. However, large-

scale open-ocean farms are not yet common, making adaptive management and 

careful research an essential element of sustainable marine aquaculture expansion. 

 

I.2. Challenges for a sustainable intensification 

The most likely scenario for the growth of agro-food systems 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 

productivity and welfare, optimize environmental impact and deliver a proper income 

for those working in the animal production sector. 

 

As mentioned before, fish are among the most efficient farmed animals in converting 

feed nutrients into edible meat. Aquaculture is one of the most resource-efficient 

ways to produce protein and this industry will be the main supplier of fish and 
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seafood in the coming years. 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. To 

achieve a sustainable growth, today the aquaculture industry faces many and diverse 

challenges (Figure 3).  

 

 

 

Figure 3. Challenges towards a sustainable intensification of aquaculture. 

 

Although variable among the multitude of fish and shrimp species that are 

currently under cultivation, there are some common biological issues that can be 

considered as bottlenecks hampering the further development of the aquaculture 

sector (Figure 4). 

The ability to fully control sexual maturation and spawning and to produce 

large numbers of high-quality seeds ‘on demand’ (i.e. all year long) is a primary 

requirement for the successful development of aquaculture. This relies on optimal 

broodstock management practices based on extensive knowledge of the nutritional 

and environmental requirements of fish in captivity. However, for many established, 

emerging and new farmed fish species, such knowledge is limited or not available 

yet. The level of domestication also plays an essential role as stocks with improved 

traits in farming conditions are selected. Importantly, reliable indicators of egg 

quality are still lacking and hatcheries still rely on wild harvested broodstock in many 

farmed fish species (Migaud et al., 2013). 
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Figure 4. Biological bottlenecks for the successful mass rearing of farmed fish. 

 

Control of reproductive function in captivity can be achieved by manipulating 

abiotic factors such as photoperiod and water temperature. The reproductive cycle in 

fish can be partitioned in two stages, growth (gametogenesis) and maturation phase 

(oocyte maturation and spermiation), both controlled by the reproductive hormones 

of the brain, and gonad. Although the growth phase of reproductive development is 

concluded in captivity in most fishes, oocyte maturation and ovulation in females, 

and spermiation in males may require exogenous hormonal therapies. In some fishes, 

these hormonal manipulations are used only as a management tool to enhance the 

efficiency of egg production and facilitate hatchery operations, but in others 

exogenous hormones are the only way to produce fertilized eggs reliably (Mylonas et 

al., 2010). 

 

In parallel, optimal broodstock nutrition and feeding has been shown to greatly 

improve not only egg and sperm quality but also larvae survival and robustness 

(Helvick et al., 2009). Gonadal development and fecundity are affected by certain 

essential dietary nutrients, especially in continuous spawners with short vitellogenic 

periods. Lipid and fatty acid composition of broodstock diet have been identified as 

major dietary factors that determine successful reproduction and survival of 

offspring. Some fish species readily incorporate dietary unsaturated fatty acids into 

eggs, even during the course of the spawning season. Highly unsaturated fatty acids 

(HUFA) with 20 or more carbon atoms affect, directly or through their metabolites, 

fish maturation and steroidogenesis. In most fish, optimal HUFA ratios in broodstock 
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diets increase fecundity, fertilization and egg quality. Several vitamins and minerals 

have also been associated to a modulation of the reproductive process in fish. An 

increase of dietary alpha-tocopherol (vitamin E) levels has been found to reduce the 

percentage of abnormal eggs and increase fecundity in the gilthead seabream 

(Izquierdo et al., 2001) and Atlantic cod (Røjbek et al., 2014). Broodstock fish may 

have specific nutritional requirements for thiamine (vitamin B1) which is important 

for embryo and larval development in salmonids. Moreover, pyridoxine (vitamin B6) 

and folic acid (vitamin B9) play an important role in egg hatchability, since these 

vitamins are associated to the synthesis of steroid hormones and cell division (NRC, 

2011a). It seems clear that the quality of protein, lipid, vitamins and trace minerals 

in broodstock nutrition is critical for the production of high-quality larvae. 

 

Once the ability to control sexual maturation and spawning and to produce 

high quality larvae is achieved, genetic improvement is an aspect of broodstock 

management that gains relevancy. Genetic breeding programs, by which selection 

improves desired traits over generations, can contribute to sustainable aquaculture 

by improving traits like growth, product quality, disease resistance, general 

robustness of individuals and a higher efficiency on the use of alternative feeds. One 

area that has gained interest over recent years is epigenetics, which refers to 

processes that result in heritable alterations in gene activity without manipulating the 

underlying DNA sequence of the organisms. Epigenetic mechanisms include DNA 

methylation, histone modifications and variants, chromatin remodelling and the 

action of noncoding RNAs, and all these mechanisms are known to be influenced by 

environmental chemicals, diet, temperature and light (Pittman et al., 2013). Although 

still based on fragmented knowledge, several studies have demonstrated the 

potential of environmental and even dietary cues, exerted at sensitive periods of the 

life cycle, such as gonadal maturation, spawned eggs and early feeding larvae, to 

induce a series of epigenetic changes that can be associated to life-long benefits to 

fish (for recent review on this topic please see Gavery and Roberts, 2017).    

 

Once hatched, fish enter the larval rearing stage and problems are often 

associated to low larval and juvenile survival, stress and disease susceptibility, size 

dispersion, sub-optimal growth and high incidence of skeletal malformations (Hamre 

et al., 2013). In commercial hatcheries, mortality rates of 70% during the larval stage 

are still regarded as common in important commercial species and when pertaining 

to the rearing of marine fish larvae mortality rates can be even higher. The causes for 
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these high mortality rates are poorly understood, although poor egg quality, 

uncontrolled environmental and nutritional factors, microbial ecology and the 

presence of pathogenic organisms are often identified as key elements (Pittman et 

al., 2007; Boglione et al., 2013; Georgakopoulou et al., 2010; Sfakianakis et al., 

2015).  

 

When fish reach the late juvenile stage, they exit the hatcheries and enter into 

the grow-out and harvest farming scenarios, where mass production and cost-driven 

constraints gain relevancy and therefore new challenges arise. Aspects related to the 

lower use of finite marine-derived raw materials (fish meal and fish oil) in fish feeds, 

the reduction of overall environmental impacts of farming and the adoption of non-

chemical approaches to sustain a high welfare and health status of fish gain extreme 

relevancy. Although of high impact on the successful growth of the aquaculture 

industry, these challenges fall outside the scope of this work and will not be 

addressed in detail (for further reading on these topics please refer to Waite et al., 

2014; Béné et al., 2015; Turchini et al., 2018).            

  

It is clear now that the future growth of industrial aquaculture faces many 

challenges. The mass production of robust fish juveniles arises as one of the most 

pressing ones for improving the performance in European aquaculture. In our work 

we have chosen to tackle one issue, the optimization of nutrition as a tool to enhance 

the growth and quality of marine fish larvae of commercial relevancy for the European 

aquaculture. 

 

I.3. EU production of marine fish larvae 

The mass production of high quality and healthy juvenile marine fish is 

completely dependent on the successful rearing of fish larvae. According to the latest 

data on aquaculture production statistics (FEAP, 2017), the number of juveniles 

produced in industrial marine hatcheries in Europe has risen to approximately 1.5 

billion juveniles in 2016. Major species are gilthead seabream (700 million juveniles) 

and European seabass (540 million juveniles) produced mainly in Turkey, Greece, 

France, Spain, Italy, Cyprus and Croatia. In recent years, we see also a growing interest 

on the production of novel fish species, such as turbot, meagre, sole and yellowtail. 

Although still a minor species, Senegalese sole is an emergent species that shows a 

progressive increase on production volumes. Currently, it is estimated that 
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approximately 11 million juveniles are produced yearly in industrial marine hatcheries 

in Spain, Portugal and Iceland. 

 

Teleost larvae are diverse and show a high variation on their feeding behaviour 

and digestive capacity. Feeding success at the larval stage is much more than just 

covering the nutritional requirements of a given species. Throughout larval 

development, an adequate feeding relies on a delicate matching between the 

progressive development of anatomical characteristics and physiological functions 

and the accessibility to suitable nutritional items, both quantitatively and 

qualitatively. Besides an adequate supply of nutrients, both physical (particle size, 

movement characteristics in the water column, buoyancy) and sensorial properties 

(attractability cues) are crucial elements that need to be considered to an adequate 

feeding (Figure 5). 

 

 

Figure 5. Key adequacy criteria between larval feeds and its biological efficacy.  

 

Many advances in larval fish nutrition have been based on a better 

understanding of how the larval digestive tract, and therefore digestive capacity, 

changes through ontogenetic development. Fish larvae are often categorized on the 

basis of the presence of a stomach: agastric fish will not develop a stomach, even in 

the adult stage (e.g. common carp and the majority of Cyprinids); precocial fish have 

a functional stomach at the onset of first feeding (e.g. Atlantic salmon and catfish 

species); while altricial larvae develop a functional stomach during metamorphosis 
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(e.g. majority of marine species). Most research on feeding‐related physiology has 

targeted altricial larvae, and particularly marine species, since they are the ones 

presenting the greatest challenge to successful rearing (Rønnestad et al., 2013). 

 

Despite considerable progress in the development of formulated larval feeds, 

the use of live feeds in the hatchery rearing of most marine fish and shellfish larvae 

is still essential and is expected to remain so in the near future. Live feeds, such as 

copepods, nutrient-enriched rotifers and Artemia, have been considered as suitable 

feeds for early stages of exogenous feeding (van der Meeren et al., 2008; Dhont et 

al., 2013). The introduction of Artemia as live food in the early stages of cultured 

species was undeniably a crucial breakthrough in early fish nutrition and has played 

a decisive role in the impressive expansion of commercial aquaculture. However, live 

feeds require labour-intensive systems, considerable space allocation and are difficult 

to sustain. Moreover it is now clear that live feeds, even with specifically designed 

enrichments of protein, essential fatty acids, an several types of additives, may not 

provide the most adequate nutrition to all larval stages (Hamre et al., 2008; Conceição 

et al., 2010). The potential replacement of live feeds with manufactured feeds is still 

far from reality. Despite their non optimal nutritional profile, enriched live feeds show 

a high digestibility, given their lower nutrient concentration (water content: >80%) 

and potential contribution of endogenous enzyme systems which allow autolysis. 

Additionally, live feeds tend to show a high feed intake, which is often associated to; 

i) a good adequacy of prey size to larvae mouth morphology; ii) the triggering of a 

predatory stimuli induced by their continuous movement; and iii) an optimal 

distribution in the water column, since the swimming activity of live preys may 

facilitate its encounter with the developing larvae which have a low mobility. 

 

As the industry matured, the need for complete control over every stage and 

every input in the production process grew stronger. The need to develop formulated 

microdiets with comparable performance to the current live feeds (rotifer and 

Artemia) has been the object of a continuous effort from both academia and industry. 

One currently used strategy to feed marine fish larvae is termed ‘co-feeding’, which 

simultaneously uses microdiets and live feeds. Although variable with species, co-

feeding weaning regimes are an industrial reality, since this earlier transition from 

live feeds onto microdiets seems to have benefits on the progressive maturation of 

the digestive tract, stimulate the secretion of digestive enzymes and on preparing 
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larvae to better cope with an exclusively microdiet-based regime following weaning 

(Kolkovski, 2013; Pinto et al., 2018). 

 

I.4. Current microdiets for marine fish larvae 

Over the last decades, the continuous research effort dedicated towards the 

optimization of fish larval nutrition (Hamre et al., 2013) resulted in significant 

advances on the quality of commercial microdiets for marine fish larvae. Currently, 

the most successful commercial microdiets for marine fish larvae present extremely 

high levels of protein (55-65% crude protein), moderate fat levels (15-18% crude fat), 

and virtually no carbohydrates (Figure 6). They contain also specific premixes of 

vitamins and minerals, to guarantee micronutrient levels higher than those commonly 

found in juvenile and grow-out fish. Given the particularities of the manufacturing 

processes and the stringent specifications related to the behaviour of microparticles 

in the water, larval feeds generally also require the use of several nutritional and 

technological additives (e.g. binders, anticaking agents, water surface tension 

modifiers).  

 

 

Figure 6. Typical composition and raw materials commonly used in commercial 

microdiets for marine fish larvae. 

 

At a highly sensitive period such as the larval stage, no compromise in made on the 

quality of the ingredients, which can generally be classified as of premium quality. In 
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Table 1 to Table 3 we present the nutrient composition of some ingredients often 

used in commercial microdiets for fish larvae.   

 

Table 1. Proximate, amino acids and fatty acids content of raw materials. 

 

Fish 
meal 

Fish 
hydrolysate 

Squid 
meal 

Shrimp 
meal  

Krill 
 meal 

Wheat 
 gluten  

Moisture, % 7.4 3.3 4.8 4.2 5.8 6.0 
Protein, % 70.9 82.6 82.4 62.0 61.0 80.3 
Fat, % 8.7 9.6 7.1 13.0 17.4 6.6 
Ash, % 16.6 6.9 5.4 18.5 11.4 0.7 
Energy, MJ/kg 19.7 22.5 20.9 18.4 21.6 22.1 
       
Arg, % 5.6 8.0 7.4 5.4 3.8 1.9 
His, % 1.5 1.8 1.8 1.4 1.1 1.8 
Ile, % 3.2 3.3 3.7 2.7 2.8 3.1 
Leu, % 5.2 5.9 6.3 4.0 3.8 5.3 
Lys, % 5.3 7.2 7.9 4.2 3.6 1.1 
Thr, % 3.1 3.3 3.9 2.3 2.2 1.9 
Trp, % 0.4 0.4 0.9 0.4 0.8 0.4 
Val, % 3.5 4.0 3.8 2.7 2.9 3.2 
Met, % 2.1 2.2 2.3 1.6 1.8 1.5 
Cys, % 0.3 1.0 0.4 2.7 0.3 1.6 
Phe, % 3.1 4.0 3.2 0.3 2.5 3.8 
Tyr, % 2.5 2.5 2.3 2.4 2.2 3.0 
Tau, % 1.1 0.9 0.2 1.4 0.5 0.0 
Asx, % 6.0 6.5 7.8 5.6 5.2 2.3 
Glx, % 9.0 10.3 12.0 7.6 6.3 29.5 
Ala, % 4.1 5.3 4.3 3.0 2.4 1.9 
Gly, % 4.6 9.3 4.3 5.9 2.3 2.4 
Pro, % 2.9 4.9 3.5 2.3 2.2 10.5 
Ser, % 3.2 3.7 3.9 2.4 2.1 4.0 
       
C16:0 1.4 1.6 1.5 1.9 4.4 1.2 
C18:0 0.2 0.4 0.5   0.3 0.1 
C18:1n9 1.2 3.4 0.4 1.8 2.2 0.8 
C18:2n-6 0.1 0.9 0.2 0.2 0.2 4.0 
C18:3n-3 0.0 0.4 0.5 0.3 0.2 0.3 
C20:4n-6 (ARA) 0.0 0.0 0.1 0.3 0.0 0.0 
C20:5n-3 (EPA) 0.2 0.3 0.8 1.3 2.7 0.0 
C22:6n-3 (DHA) 0.3 0.4 1.9 1.1 1.0 0.0 

Source: Internal SPAROS Lda data. 

 

Current diets for marine fish larvae are formulated with high levels of marine-derived 

proteins (e.g. fish, squid, shrimp, krill meals and hydrolysates) and/or plant protein 

concentrates. Essential long chain polyunsaturated fatty acids (LC-PUFAs), such as 

eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are mostly derived from 

marine oils (from fish, krill, copepods…) or specific microalgae products with high 

levels of EPA and DHA. 
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Table 2. Fatty acids and phospholipid content of oil sources. 

% Fish oil Copepod oil  Krill oil Soy lecithin 

Crude fat 98 95.0 98.0 56.0 
C14:0 8.1 7.3 11.6 0.1 
C16:0 18.6 20.6 23.3 10.0 
C18:0 3.5 2.1 1.1 1.6 
C18:1n9 13.7 11.6 11.2 10.2 
C18:2n-6 1.4 1.9 1.9 25.6 
C18:3n-3 0.6 1.1 2.0 2.2 
C20:4n-6 (ARA) 1.1 0.1 0.3 0.0 
C20:5n-3 (EPA) 17.7 7.8 17.1 0.1 
C22:6n-3 (DHA) 8.6 11.5 7.8 0.1 
     
Total phospholipids  42.2 45.5 61.3 
Phosphatidylcholine  34.7 34.0 19.6 
Phosphatidylethanolamine  6.6 0.9 13.7 
Phosphatidylinositol  0.9 0.0 20.1 

Source: Internal SPAROS Lda data. 

 

Table 3. Vitamin and mineral content of raw materials. 

 Fish 
meal 

Fish 
hydrolysate 

Squid 
meal 

Shrimp 
meal  

Krill 
 meal 

Wheat 
 gluten  

A, IU/kg 172864 5791 5800 3890 31175 < 20 
D3, IU/kg 400 3400 9120 1252 3840 < 120 
E, mg/kg 25.0 -  5.7  12.3  2.6 12 
K3, mg/kg 2.6 - - - - - 
B1, mg/kg 0.2 0.13  0.18 0.09 0.06 2.17 
B2, mg/kg 7.8 8.8  5.4 8.0 0.08 0.30 
B3, mg/kg 69 20  54 194 93  6 
B5, mg/kg 15.0 30.2 - 12.3 1.61 2.5 
B6, mg/kg 2.1 0.2 1.1 1.3 - 1.8 
B9, mg/kg 0.3 0.3 - -   - 0.3 
B12, mg/kg 241 140  98 127 268  - 
C, mg/kg 98 454 - -  -  < 50 
Biotin, mg/kg 0.2 0.2 0.1  0.2 0.3 < 0.1 
Choline, mg/kg 2685 3200  127 650.0 683  - 
              
P, % 2.3 0.7 1.2 1.4 1.4 0.3 
Ca, % 3.6 0.2 5.3 1.7 1.9 0.1 
Na, % 0.9 0.9 0.7 0.4 1.0 0.4 
K, % 1.3 1.3 0.8 0.4 0.4 0.4 
Mg, % 0.2 0.1 0.4 0.2 0.4 0.1 
Cu, mg/kg 38.0 4.0 10.0 22.0 19.0 1.8 
I, mg/kg 2.9 8.7 13.1 0.5 7.4 - 
Fe, mg/kg 130.0 110.0 180.0 250.0 190.0 52.0 
Mn, mg/kg 63.0 7.5 15.0 5.8 3.7 0.0 
Se, mg/kg 3.0 2.7 2.3 3.5 1.9 0.1 
Zn, mg/kg 69.0 33.0 69.0 120.0 80.0 8.5 

Source: Internal SPAROS Lda data. 

 

Given the high incorporation levels of premium marine-derived ingredients and 

the use of specific vitamin and mineral premixes, commercial microdiets for marine 

fish larvae show a limited risk of nutritional deficiencies. However, we should also 

acknowledge that at a highly sensitive life stage such as larvae, minor deviations from 
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the optimal balance of the various nutrients may have significant effects on a vast 

array of biological processes. Nevertheless, there is still room for significant 

improvements on the nutrition of marine fish larvae.    

 

I.5. Knowledge gaps hampering the efficacy of larval microdiets    

Despite the significant progress, there are still some aspects that hinder the 

full optimization of larvae nutrition. Knowledge on the basic nutrient requirements 

of larval fish is extremely scarce. Moreover, we know now that nutritional effects can 

be strongly conditioned by the larvae developmental stage. Elements like feeding, 

digestive and absorptive capacity, skeletogenesis, myogenesis and the establishment 

of immune response systems, just to name a few, are continuously evolving 

throughout the development of fish larvae.     

 

Key studies on larval nutrition have contributed to a large amount of 

information about the biological responses of marine fish larvae to different 

nutritional inputs (recently reviewed by Hamre et al., 2013). Often the experimental 

design of these studies, comprised a suboptimal nutritional condition that was 

afterwards altered or supplemented with a given nutritional variable in order to assess 

its potential beneficial effects. This approach was extremely useful to generate basic 

knowledge on the requirements of both macro and micronutrients. However, now we 

are entering a phase of nutritional optimization. This thesis was conducted in the 

framework of an industrial partnership (further details on section I.9) and therefore, 

we have chosen to generate new knowledge on the nutrition of marine fish larvae, 

built on the existing formulations of commercial microdiets. In the next sections, we 

will try to make a critical assessment of the major knowledge gaps and technological 

challenges that we believe are still limiting the efficacy of current commercial 

microdiets (Figure 7). 

 

I.5.1. Nutritional requirements 

There is a generalized lack of knowledge regarding the nutritional 

requirements of fish larvae and often the existing information is more qualitative 

rather than quantitative. The main reasons for this situation are associated to the lack 

of appropriate diets to run requirement studies. A precise control of nutrient 

concentrations in live feeds is difficult, due to the organisms’ own metabolism and 

formulated feeds may suffer from high leaching rates of water-soluble nutrients and 

variable digestibility (Hamre et al., 2013). 
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Figure 7. Knowledge gaps conditioning the efficacy of larval microdiets. 

 

Although still justifying a continuous research effort, we do believe that the 

existing data on requirements for protein and polyunsaturated fatty acid allow us to 

adequately formulate high quality diets for marine fish larvae. However, information 

on the nutritional requirements of other nutrient blocks, such as vitamins and 

minerals, is extremely incipient, and for some specific micronutrients virtually non-

existent. 

 

The idea that fish larvae require higher concentrations of micronutrients than 

juvenile and adult fish is often accepted without a clear experimental basis. 

Therefore, vitamin levels used in commercial feeds are in most cases extrapolated 

from data generated in juvenile fish (NRC, 2011a) or derived from the analytical 

characterization of natural live feeds, such as marine copepods (van der Meeren et 

al., 2008; Conceição et al., 2010; Hamre et al., 2013). Only a few dose–response 

studies have been performed to obtain the quantitative vitamin requirements in 

marine fish larvae. These studies were mostly focused on liposoluble vitamins such 

as A, D3, E and K3 and the water-soluble vitamin C. Besides high mortalities and an 

impairment of somatic growth, an inadequate quantitative supply of these vitamins 

has been associated to a disturbance of bone formation and mineralization in fish 

larvae (Darias et al., 2010a; Fernández and Gisbert, 2011; Boglione et al., 2013b; 
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Hamre et al., 2013). Despite being considered as essential nutrients to fish, the 

requirements of other vitamins, such as the B-complex water-soluble vitamins, are 

largely unknown in fish larvae. 

 

In general, B vitamins (thiamine, riboflavin, niacin, pantothenic acid, 

pyridoxine, biotin, folate and cyanocobalamin) have unique coenzyme functions in 

cellular metabolism, playing important roles in the energy-producing metabolic 

pathways for carbohydrates, fats and proteins and in maintaining functions of the 

nervous system (NRC, 2011a; Dai and Koh, 2015). A constant dietary supply of these 

nutrients is required to prevent deficiency signs, since these vitamins are not stored 

in body tissues. Moreover, the fact that larval microdiets are highly prone to leaching 

of water-soluble compounds prior to ingestion, justifies a special attention to 

guarantee its adequate supply. When comparing the typical B vitamins content of 

commercial microdiets and the composition of marine copepods (van der Meeren et 

al., 2008), often used as the “golden standard” for marine larval nutrition, we observe 

that this live feed generally presents higher levels of thiamine, pyridoxin and 

cyanocobalamin. Dedicated studies on the role of B-vitamins in marine fish larvae are 

needed.       

 

Of all dietary components present in a formulated larval feed, minerals are the 

ones that have received far less attention, in terms of research, although they are 

recognized as essential components of a wide range of biological functions. Both 

macrominerals (phosphorus (P), calcium (Ca), sodium (Na), magnesium (Mg), 

potassium (K), chloride (Cl), sulphur (S)) and trace minerals such as copper (Cu), iron 

(Fe) manganese (Mn), selenium (Se) and zinc (Zn) are essential in aquatic animals for 

a variety of biological processes such as skeletal structure, electron transfer, acid-

base equilibrium, osmoregulation, enzymatic activities, immune competence and 

basic metabolic functions (Watanabe et al., 1997; Lall, 2002; NRC, 2011b). Although 

their biological relevance has long been recognized, information about mineral 

nutrition in fish larvae is very scarce (Watanabe et al., 1997; Boglione et al., 2013b; 

Berillis, 2015; Chanda et al., 2015; Baeverfjord et al., 2019). A Mn supplementation 

of Artemia nauplii has been shown to enhance growth in red seabream larvae (Nguyen 

et al., 2008). In a series of similar studies, it has been reported that the enrichment 

of rotifers with iodine and selenium resulted in some cases on higher survival of 

Atlantic cod and Atlantic halibut, although without major impact on growth 

performance criteria. More recently, a concomitant dietary supplementation of Mn, 
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Zn and Se, presented in both organic and inorganic chemical forms, led to a higher 

growth of gilthead seabream larvae (Izquierdo et al., 2016). Difficulties associated 

with the quantification of mineral requirements in fish larvae include a clear 

quantification of the potential contribution of minerals from the water, leaching of 

minerals from the diet prior to consumption and the relatively high levels of minerals 

associated to raw materials commonly used in larvae feeds (Boglione et al., 2013b; 

Hamre et al., 2013). At this point, it seems clear that a higher attention has to be 

given to the optimization of the mineral supply in marine fish larval feeds. 

 

I.5.2. Feed attractability and behaviour in water  

Even the best nutritionally balanced feed will not result on high somatic 

growth, if poorly ingested by the larvae. At early developmental stages marine fish 

larvae have a low mobility. Therefore, all aspects facilitating the access of larvae to 

the feed particles gain special relevancy. The first contact between a given feed item 

and larvae occurs in the water column, where the particle is recognized as food and 

accepted, or rejected. It is essential that this interaction become optimized to achieve 

a maximum likelihood for ingestion. There are many factors affecting this process, 

including feed particle/live prey concentration, frequency and duration of interaction, 

and chemical and physical recognition (Kolkovski, 2013). Various substances, such 

as free amino acids, nucleotides, nucleosides and ammonium bases, are known to be 

feed attractants for fish larvae. However, the amino acids that stimulate olfaction in 

fish seem to be species-specific and effective stimulatory concentrations can vary 

greatly. Kolkovski et al. (1997) reported that microdiet ingestion rates in gilthead 

seabream larvae with 20 days after hatching (20 DAH) increased up to 120% when the 

larvae were exposed to the visual and chemical stimuli of various concentrations of 

Artemia nauplii enriched with free amino acids (alanine, glycine and arginine) and 

betaine. Further, the degree of influence of these free amino acids and betaine on 

larval ingestion rate was shown to be age-dependent ((Kolkovski et al., 1997). The 

incorporation of highly digestible marine protein hydrolysates, and in some cases a 

further supplementation with betaine, is now a common practice in most commercial 

microdiets for marine fish larvae. In this context, feed particles are expected to induce 

an effective chemical stimulatory activity in fish larvae. 

 

The chemical stimulatory effectiveness of microdiets is closely linked to its 

leaching properties. Microdiets for marine fish larvae are small-sized particles (50 to 

800 µm) with a high surface/volume ratio and are subjected to a long period of 
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immersion in water until ingestion, which makes them highly susceptible to leaching 

phenomena. Although a moderate leaching of low molecular weight attractant 

compounds is desirable, caution should be taken to avoid excessive leaching, since 

it may significantly downgrade the content of water-soluble nutrients (peptides, 

vitamins and minerals) at the moment of ingestion. Nutrient leaching is very often 

mentioned as a conditioning variable in larvae nutrition studies, but seldomly 

measured. Data on nutrient leaching in microdiets for fish larvae is very limited 

(López-alvarado et al., 1994; Baskerville-Bridges and Kling, 2000; Yúfera et al., 

2002a; Önal and Langdon, 2004; Kvåle et al., 2006, 2007; Nordgreen et al., 2008) 

and mostly focused on the protein fraction and in association to laboratory scale 

microencapsulation methods. Measurements of leaching from two commercial and 

two experimental larval feeds showed that 18-42% of the protein leached from the 

feed within two minutes of hydration (Hamre, 2006). At the exception of a few studies 

on the enrichment of live feeds, no data exists on the leaching of trace minerals and 

vitamins in larval microdiets. A reliable quantification of nutrient leaching losses in 

microdiets for fish larvae is a complex matter, since it can be strongly affected not 

only by the nutrient level, but also by the feed manufacturing process and the 

methodology used to simulate immersion conditions.  

 

Leaching is highly dependent on the feed manufacturing process (Yúfera et al., 

2002a; Kvåle et al., 2006; Nordgreen et al., 2008; Langdon and Barrows, 2011). 

Currently, the most common diet type is micro-bound by cold-extrusion. In this 

process, raw materials are bound together in a polymer matrix (e.g. gelatine, fish 

protein, technical starches, etc..) which afterwards can be either crumbled and sieved 

to the desired particle sizes or submitted to a spheronization process. An alternative 

process is the particle-assisted rotational agglomeration, which does not require 

extrusion, given that the wet mixture of ingredients is placed in the spheronizer in 

conjunction with inert beads (75% weight of beads/weight of wet mash) and 

submitted to rotational movement. Micro-bound particles can also be formed by 

spraying a mixture of diet and binder into a gelling solution or drying chamber where 

particles are formed on contact (spray beadlets). All of the above-mentioned methods 

are used to variable extents in the industrial production of larval microdiets. Several 

other processes, relying on the use of microencapsulation technologies (cross-linked 

protein walled capsules, lipid-walled capsules, lipid spray beads, liposomes) are being 

developed at the laboratory-scale and are expected to lower nutrient leaching losses. 

However, while assessing the efficacy of the various manufacturing technologies, we 
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should not forget the need to find the right balance between leaching rate, particle 

stability in water and digestibility by the larvae. 

 

One of the most significant problems with microdiet particles is their sinking 

behaviour, contrary to the continuous movement of live zooplankton that acts as a 

visual stimulus for increased feeding activity (Kolkovski, 2013). Fast sinking rates can 

lead to an accumulation of excess feed in the bottom of the larval rearing tanks and 

result on a deterioration of water quality. Attempts to modulate the buoyancy 

properties by adding specific technological additives at feed manufacture and/or 

optimize water flows and tank design are underway (SPAROS confidential 

information). For the moment, the best practical solution to counteract the sinking 

behaviour of microdiets is to deliver them in small quantities, as often as practicable, 

by means of automated feeders. 

 

In all nutritional studies, a precise quantification of feed intake is a pre-

requisite for an accurate assessment of dietary variables. Feed intake is closely 

associated with gut transit time and digestive and absorptive efficiency of dietary 

nutrients (Conceição et al., 2007). Fish larvae do not display constant feed ingestion, 

instead they exhibit daily feeding rhythms (Navarro-Guillén et al., 2017). The accurate 

measurement of feed intake in larvae is extremely challenging due to the small size 

of the organisms. Several approaches are available, but most studies used 

radioisotopes due to the ease and accuracy of measuring radioactivity; both live and 

manufactured feeds can be labelled, and radioactivity can be measured in samples 

taken at a later time to track absorption, retention and losses (Conceição et al., 2007). 

Stable isotopes labelling of feeds are potentially more challenging to measure and 

therefore used to a less extent but have the advantages of safety and ease of 

handling. Other methods include counting the live prey that are visible in the 

digestive tract directly or after enhancing their appearance (Conceição et al., 2007), 

using inherent properties of live feeds such as auto-fluorescence (Kelly et al., 2000), 

or measuring other markers, such as metal oxides or ascorbic acid, that may be added 

to the feed and measured accurately (García-Ortega et al., 2010). Larval nutritional 

studies are difficult to conduct. There is a clear need for the standardization of an 

experimental protocol to measure leaching losses of water-soluble compounds in 

larval feeds and to develop easy to implement methodologies to accurately quantify 

feed intake in fish larvae. 
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I.5.3. Evolving digestive capacity requires tailored feeds 

The lack of success in completely replacing live foods for compound 

microdiets has been historically attributed to the presence of an undeveloped 

digestive system at the time of hatching and consequent low digestive capacity. 

Considerable research has established that digestive enzymes are present early in the 

larval life cycle of many marine fish; although gastric enzymes are not present, 

pancreatic enzymes provide considerable digestive capacity in marine larvae prior to 

metamorphosis (Olsen et al., 2004). There appears to be a combination of pancreatic 

enzymes that digest nutrients mixed with the feed in the gut lumen, and enzymes 

associated with the enterocytes. Ontogenetic changes in nutrient requirements are 

thought to be linked to changes in the digestive enzyme profile, as described by the 

type, quantity and activity of enzymes (NRC, 2011c). The pancreatic enzyme trypsin, 

a serine alkaline protease, is highlighted as the most important proteolytic enzyme 

in the early development of marine larvae (Rønnestad et al., 2013), its activity is 

described to be present at or close to hatch, to increase to a peak and then to 

decrease as the larvae develop toward metamorphosis.  

 

Whilst much remains to be discovered about changes in the expression of 

digestive enzymes and the significance of ontogenetic changes in activity patterns, 

progress has been made in recent years (Rønnestad et al., 2013; Gilannejad et al., 

2018). The neural and hormonal regulation of the digestive process and of appetite 

is critical for optimizing digestion (Rønnestad et al., 2013). These processes are still 

poorly described in fish larvae and attempts to develop optimal feeding regimes are 

often still on a ‘trial and error’ basis. Nutrient flux studies associating feed intake, 

digestion and absorption, metabolism and growth partitioning are clearly an 

interesting approach, since they generate a holistic view of nutritional efficacy and 

bottlenecks (Conceição et al., 2010; Rønnestad et al., 2013).    

 

Nutrient flux experiments and models are useful because they integrate 

information at a whole animal level and highlight the capacity and limitations due to 

larval size, morphology and physiology (Houlihan et al., 1995). Whilst it is clear that 

larval fish differ from juvenile fish, nutrient flux models provide a quantitative 

approach to explain where constraints occur in the processing of different nutrients 

and are powerful tools in demonstrating the optimum form and presentation of major 

nutrients (Houlihan et al., 1995; Conceição et al., 1998). The small size of larvae, 

particularly of marine fish, poses challenges for the accurate measurement of the 
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main components of nutrient flux: feed intake, digestion and absorption, metabolism 

and growth. However, this has been overcome with a range of exact and exciting 

techniques based on very accurate measurement of mass, chemical composition, 

respiration (oxygen consumption) and excretion (mainly ammonia) as well as the use 

of isotopic labelling. For detailed discussion, refer to the following reviews (Finn and 

Kapoor, 2008; Finn and Fyhn, 2010; Le Vay and Gamboa-Delgado, 2011). Nutrient 

flux studies coupled with traditional zootechnical trials allowed for significant 

progress on our understanding of the digestive capacity of fish larvae and contributed 

to a more informed use of digestible raw materials in commercial microdiets. 

 

One of the most striking examples is the optimization of dietary protein 

supply.  Knowledge generated on the use of highly digestible marine protein 

hydrolysates was a crucial breakthrough for the improvement of larvae diets. The use 

of marine protein hydrolysates in commercial microdiets for marine fish larvae is now 

a common practice, since it has been clearly associated to beneficial effects on 

somatic growth and robustness (Hamre et al., 2013). Survival, growth, development 

of the digestive tract and skeletal deformities were all aspects improved by the 

inclusion of dietary protein hydrolysates in the diet of larvae of various fish species, 

such as European seabass (Zambonino Infante et al., 1997; Cahu et al., 1999; 

Kotzamanis et al., 2007; Leduc et al., 2018), Atlantic cod and Atlantic halibut (Kvåle 

et al., 2009) and gilthead seabream (Gisbert et al., 2012).  

 

Studies targeting the mechanistic role of peptide hydrolysis in fish larvae 

growth are still limited and the quantitative and qualitative peptide profile of an 

optimal hydrolysate for marine fish larvae is far from being defined. The hydrolysis 

of marine-derived proteins (whole-fish, krill, mussels, various fishery and seafood 

processing by-products) results in the formation of a mixture of free amino acids, di-

, tri- and oligopeptides. These low-molecular-weight nitrogenous compounds found 

in marine hydrolysates have been associated to: i) higher palatability and feed intake; 

ii) improved overall metabolic use of dietary proteins; iii) earlier intestinal maturation; 

and iv) reinforcement of the antioxidant and immune status. However, the nutritional 

and functional properties of a protein hydrolysate are dependent on its composition, 

namely the abundance and diversity of the various oligopeptides. In fish, it has been 

shown that the protein source and the degree of hydrolysis are factors that affect the 

dietary efficiency of protein hydrolysates (Zambonino Infante et al., 1997; Canada et 

al., 2017; Leduc et al., 2018). Moreover, the degree of protein hydrolysis can have 
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distinct effects along larvae development stages. At early developmental stages of 

Senegalese sole (up to metamorphosis), larvae fed a diet with a high level of partially 

hydrolysed proteins (peptide range from 5 to 70 kDa) showed a higher growth than 

those fed with intact protein or highly hydrolysed protein (<5 kDa). However, at later 

stages higher growth was achieved in larvae fed with the intact protein diet (Canada 

et al., 2018). Several studies have shown that the adequate level of incorporation of 

marine hydrolysates is around 10% of the dry diet (Kotzamanis et al., 2007; Hamre et 

al., 2013). At much higher incorporation levels, low molecular weight peptides may 

reduce larval performance, in association to a potential saturation of the peptide 

transport mechanisms and/or to a differential absorption time between free amino 

acids and protein-bound amino acids (Rønnestad et al., 2007), which may lead to an 

amino acid unbalance at the metabolic level. Altogether, it seems clear that the 

optimal dietary peptide profile in microdiets for marine fish larvae is a complex 

matter, since it is not only dependent on the degree of hydrolysation used, but has 

also to take into account its inclusion level and the developmental stage of the larvae. 

 

I.5.4. Functionality of nutrients beyond basic requirements for somatic growth   

The improvement  of microdiets relies on the information on the nutritional 

requirements of marine fish larvae, both qualitatively and quantitatively (Holt, 2011). 

Although without knowing with exactitude all the nutrient requirements, today’s 

commercial microdiets for marine fish larvae are formulated with high levels of 

premium marine-derived protein sources, adequate levels of essential LC-PUFAs and 

phospholipids and specific vitamin and mineral premixes, and therefore are not 

expected to be limiting in terms of essential nutrients. Its use has resulted on a 

significant enhancement of larval growth performance and survival during weaning 

and proceeds to another phase of nutritional optimization of larval feeding. 

 

Several nutrients, used at levels beyond the provision of basic nutritional 

requirements of fish larvae, show a wide range of functionalities that convey 

additional benefits. Changes on the dietary peptide profile of hydrolysates have been 

found to modulate muscle cellularity and expression of several myogenic regulatory 

genes (Canada et al., 2018), disease resistance (Kotzamanis et al., 2007), innate 

immunity (Hermannsdottir et al., 2009) and gut microbiome (Kotzamanis et al., 2007; 

Hermannsdottir et al., 2009; Delcroix et al., 2015). Supplemental levels of trace 

minerals Zn, Mn and Se were reported to significantly enhance the antioxidative 

status of gilthead seabream larvae (Terova et al., 2018). Recently, elevated levels of 
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taurine were found to enhance growth and improve the utilization of dietary lipids in 

gilthead seabream larvae (Izquierdo et al., 2019). 

 

Due to its economic impact and detrimental welfare image, the potential 

modulatory role of nutrients on the bone metabolism of fish larvae deserves special 

attention. Nutrition is known to play a key role in fish skeletogenesis (Lall and Lewis-

McCrea, 2007). At a highly sensitive period such as the larval stage, several studies 

have demonstrated that different nutrients (e.g. fatty acids, peptides, amino acids, 

vitamins and minerals) are responsible for the appearance of skeletal anomalies when 

their dietary level and/or form are inadequate or unbalanced (Cahu et al., 2003; Lall 

and Lewis-McCrea, 2007; Mazurais et al., 2008; Darias et al., 2010a; Boglione et al., 

2013b; Hamre et al., 2013). This topic will be dealt in detail in the following sections.  

 

I.6. Fish skeleton: function and structure 

The fish skeleton has a wide range of functions. It provides protection for vital 

organs and mechanical support for the body; it also allows for movement through its 

attachment to muscles. Unlike mammals, the fish skeleton is not a hematopoietic 

tissue (it does not contain bone marrow) and does not serve as a major calcium 

reservoir in normal conditions, as fish can retrieve this mineral from the aquatic 

environment (Lall, 2002; Rodan, 2003). 

 

Generally, the fish skeleton is made up of two main types of connective tissue: 

bone and cartilage. Of particular interest for this work, bone is a dynamic connective 

tissue with the ability to adapt its mass and morphology to functional demands, to 

auto repair itself and to rapidly mobilize mineral reserves according to metabolic 

needs, making this particular type of tissue an example of "structure follows function" 

(Sommerfeldt and Rubin, 2001). Bone is made up of an organic matrix (25%) an 

inorganic matrix (calcium-phosphate mineral hydroxyapatite (70%) and water (5%). 

This organic matrix, prior to its mineralization, is called osteoid and mainly consists 

of collagen and other proteins that play a role during the mineralization process (e.g. 

osteopontin (OP), osteonectin (ON), osteocalcin (OC) and matrix Gla protein (MGP)) or 

have important signalling functions (e.g. bone morphogenetic proteins (BMPs), 

growth factors, cytokines, adhesion molecules) (Sommerfeldt and Rubin, 2001). 

 

Bone is formed through two main processes (n.b. other modes of ossification 

exist (Hall, 2005) but will not be discussed here). Endochondral ossification needs a 
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cartilaginous structure to serve as a mould that will later be degraded and substituted 

by bone, whereas intramembranous ossification occurs when mesenchymal cells 

aggregate and differentiate into osteoblasts that in turn initiate the mineralization 

process. Bone consists of three major cell types: osteoblasts, osteoclasts and 

osteocytes (Figure 8). 

 

 

Figure 8. Schematic representation of bone remodelling. Osteocytes (yellow cells), 

which are embedded within mineralized bone, communicate via ramifications of 

dendritic processes and orchestrate the spatial and temporal recruitment of the cells 

that form (osteoblasts) and resorb (osteoclasts) bone. Haemopoietic cells of the 

monocyte/macrophage lineage differentiate to mature osteoclasts (pink cells) and 

resorb bone. During the reversal phase (orange cells), osteoblastic progenitors are 

recruited to the site of resorption, differentiate and synthesize osteoid, and 

mineralize the new bone matrix (blue cells). Adapted from Nicholls et.al. (2012). 

 

In mammals, as in fish, osteoblasts originate from the mesenchymal cell 

lineage and are involved in the synthesis and mineralization of the bone matrix. 

Osteoblasts are characterized by a large, spherical nucleus and a high content of 

rough endoplasmic reticulum, Golgi apparatus and mitochondria, allowing the 

synthesis and secretion of high quantities of bone matrix proteins, e.g. type I collagen 

(Jayakumar and Di Silvio, 2010). Osteoclasts are macrophage-like cells that resorb the 

bone matrix and participate in bone remodelling. Mammals typically possess giant 

multinucleated osteoclasts exhibiting a strong resorbing activity, whereas in 

advanced teleost fish osteoclasts are small mononucleated cells with a reduced 

resorbing activity (Figure 9; Witten and Huysseune, 2010). In both mammals and fish, 

osteoclasts secrete tartrate-resistant acid phosphatase, collagenase and other 

hydrolases that act locally, digesting bone organic matrix (Junqueira and Carneiro, 

2008). Osteoblasts that become entrapped in the bone matrix differentiate into 
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osteocytes. The matrix collects around osteocyte body and extensions, thus forming 

gaps and canaliculi in bone. Osteocytes are characterized by reduced endoplasmic 

reticulum and Golgi apparatus, and a nucleus with condensed chromatin. Although 

these ultra-structural characteristics indicate low synthetic activity, osteocytes are 

essential for maintaining the bone matrix (Junqueira and Carneiro, 2008). 

 

 

Figure 9. Main differences between cellular and acellular bone. Osteocytes (yellow 

cells), embedded in bone matrix, osteoclasts (pink cells) resorbing bone, osteoblasts 

(blue cells) laying down osteoid and bone lining cells (green cells). Adapted from 

(Witten and Huysseune, 2010). 

 

While basal teleost fish (e.g. the zebrafish) have a cellular/osteocytic bone, i.e. 

osteoblast are entrapped into newly synthesized bone matrix and become osteocytes 

(Figure 9), the majority of advanced teleosts (e.g. the gilthead seabream) have an 

acellular/ anosteocytic bone, i.e. bone matrix is devoid of osteocytes since 

osteoblasts receding from the mineralization front never become entrapped (Parenti, 

1986; Witten et al., 2004).  

 

I.7. Influence of nutrition on skeletal development 

The development of skeletal disorders in larval and juvenile fish is linked to a 

poorly understood relationship between nutrition, environment and genetic factors. 
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In relation to nutrition, several nutrients have been found to influence the 

development of skeletal structures in fish larvae (Table 4). 

 

Table 4. Summary of nutrients known to influence the development of skeletal 

structures.  

Nutrient Affected pathway 

Protein  

   Hydrolysates   intestinal maturation → efficient absorption of nutrients 

   Free amino acids     

      Leucine Bone matrix formation 

      Phenylalanine Bone matrix formation 

      Valine Calcium metabolism 

Fat  

   n-3 PUFAs Osteoblast/bone metabolism 

   Phospholipids PUFA absorption → bone metabolism 

   Oxidized lipids Osteoblast/osteoclast differentiation 

Vitamins  

   Water-soluble  

      Riboflavin (B2) Embryogenesis 

      Niacin (B3) Cartilage/chondrocyte metabolism 

      Biotin (B7) Prostaglandin synthesis → bone metabolism 

      Pantothenic acid (B5) Lipid metabolism → bone metabolism 

      Pyridoxine (B6) Protein synthesis → bone matrix formation 

      Cyanocobalamin (B12) Osteoblastic proliferation and ALP activity 

      Ascorbic acid (C) Collagen/cartilage synthesis 

   Fat-soluble  

      Retinoic acid (A) Cellular differentiation  

      Cholecalciferol (D3) Calcium/phosphate/hormone metabolism 

      Menadione (K3) Bone/cartilage specific protein metabolism 

      α-Tocopherol (E) Antioxidant system → Osteoblast/osteoclast differentiation 

Minerals  

   Phosphorus Bone mineralization 

   Calcium Bone mineralization 

   Magnesium Calcium metabolism 

   Manganese Bone/cartilage matrix formation 

   Zinc Osteoblast/osteoclast metabolism 

   Selenium Antioxidant system 

   Copper Collagen/cartilage synthesis 

Source: Holt, 2011; NRC (National Research Council), 2011c; Boglione et al., 2013b; Hamre et al., 2013. 

 

I.7.1. Protein 

When feeding fish larvae with microdiets, due to the incipient nature of larvae 

digestive systems (Kolkovski, 2001), the inclusion of highly digestible protein 

hydrolysates is recommended. Protein hydrolysates can differ in their original raw 

material (krill, squid, shrimp, mussel, fish meal, etc..), their production system 

(silage, enzymatic digestion, fermentation, etc..) and their biochemical characteristics 

(amino acid profile, molecular weight of peptides). The inclusion of protein 
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hydrolysates increases the nutritional value of microdiets, and larval fish 

development has been shown to benefit from the inclusion of these peptide sources, 

in several freshwater and marine species (Boglione et al., 2013b). The dietary 

incorporation of protein hydrolysates promotes the harmonious development of the 

skeleton, possibly due to an enhancement of intestinal digestion resulting in a more 

efficient use of these nutrients (Cahu et al., 2003).  

 

The amino acid profile of the diet of fish larvae itself, has repercussions on 

larval development, notably on skeletogenesis. A study conducted on white seabream 

larvae showed that a microencapsulated diet balanced in amino acids offered at an 

early stage (8 DAH) and co-fed with live feed, induced a decrease in the frequency of 

larvae affected by skeleton deformities at 25 DAH when compared to an unbalanced 

amino acid profile (containing a higher proportion in dispensable amino acids) or live 

feed diet (Saavedra et al., 2009b). Interestingly, a higher incidence of deformed larvae 

was registered in that experiment in larval groups fed on live feed compared to those 

fed on the microencapsulated diet presenting an unbalanced amino acid profile, and 

this was reflected in a higher number of vertebral fusions (Saavedra et al., 2009b). 

 

Besides the effect of the global dietary amino acid composition, some specific 

amino acids and in particular the essential ones, can have an effect on the incidence 

of vertebral deformities in fish larvae. For example, a dietary supplementation in 

phenylalanine has been shown to influence skeleton development, lowering the 

frequency of vertebral compression in the trunk region of the vertebral column in 

white seabream larvae (Saavedra et al., 2010). In a recent study in gilthead seabream 

larvae co-fed live prey and microdiets containing different levels and types of protein 

hydrolysates, Gisbert et al. (2012) suggested that leucine, phenylalanine and valine 

had an important role in the skeletogenesis process. Although the exact role of these 

amino acids has not been studied in fish with regard to skeletogenesis and bone 

health status, studies from higher vertebrates indicated that leucine, phenylalanine 

and valine were important for the proper development of the extracellular bone 

matrix. Thus, phenylalanine is necessary for maintaining the bone morphogenetic 

property of the bone matrix (Urist and Iwata, 1973), whereas leucine is the one of the 

main components of some structural proteoglycans, which are the most abundant 

constituents of the non-collagenous proteins in the bone matrix (Robey, 2002). Scale 

anomalies and vertebral abnormalities were found in rainbow trout fed a diet 

containing high levels of leucine (Choo et al., 1991). Tryptophan content of the diet 
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of fish larvae was reported to be important for a proper skeleton development in 

salmonids, where scoliosis events were more frequent in individuals fed a deficient 

diet (Akiyama et al., 1986). However, a balanced diet supplemented in tryptophan did 

not produce any beneficial effects in the prevention of skeletal deformities 

appearance in white seabream larvae (Saavedra et al., 2009a). Further studies on the 

mechanisms underlying the role of dietary proteins and individual amino acids on the 

modulation of skeletogenesis in fish are warranted. 

 

I.7.2. Fat 

The relationship between dietary lipids and skeletal health in terrestrial 

animals has been extensively studied (Watkins et al., 2001) an a considerable body 

of work has also been done with fish larvae (Boglione et al., 2013b; Hamre et al., 

2013). The influence of dietary phospholipids on the early ontogenesis of fish, and 

specifically on fish skeletal development, has been reviewed by Cahu et. al. (2009). 

Studies have shown that the dietary incorporation of phosphatidylinositol reduced 

the incidence of skeletal malformations in carp and sea bass larvae, and that 

increasing the levels of docosahexaenoic acid (DHA) fed to milkfish had a significant 

beneficial effect on opercular deformities (Cahu et al., 2003). Red porgy larvae fed 

higher levels of DHA presented a 50% reduction in the number of deformed fish, 

dietary linoleic acid prevented lordosis in grass carp fingerlings, and the skeleton of 

Senegalese sole larvae fed Artemia enriched with arachidonic acid (ARA) tended to be 

more calcified then fish fed unenriched Artemia (Boglione et al., 2013b). Even at a 

cellular level, eicosapentaenoic acid (EPA), arachidonic acid (ARA), or DHA were shown 

to modulate the extracellular matrix (ECM) mineralization of gilthead seabream bone 

derived cells (Viegas et al., 2012).  

 

I.7.3. Vitamins 

The absorption of dietary lipids is accompanied by the absorption of the fat-

soluble vitamins A, D, E and K. If the dietary intake of these vitamins exceeds the 

metabolic demands of fish, these vitamins can be stored in their tissues. Under 

certain circumstances, accumulation is such that a toxic condition (hypervitaminosis) 

may be induced (Halver, 2002a). For some time it was assumed that the vitamin 

requirements of fish larvae were higher than those of juveniles, due to their high 

growth and metabolic rates, and consequently higher levels of vitamins were 

generally incorporated into larval fish feeds (up to eight times the requirement of 

juvenile fish (Mazurais et al., 2008)). However, these high levels of dietary vitamins 
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were associated to reduced growth, delayed maturation of the digestive system and 

a high incidence of skeletal anomalies in fish (Boglione et al., 2013b).  

 

Vitamin A (compounds possessing the biological activity of retinol) is involved 

in vision, growth, bone development, reproduction and normal maintenance of 

epithelial tissues. The effects of dietary imbalances of vitamin A in fish have been 

associated with poor growth, poor vision, keratinization of epithelial tissue, 

xerophthalmia, night blindness, haemorrhage in the anterior chamber of the eye, 

haemorrhage at the base of the fins, enlargement of the liver and spleen, abnormal 

growth and skin lesions (Halver, 2002a), but the most researched effect that dietary 

imbalances of vitamin A has on fish, especially fish larvae, is related to the 

development of skeletal malformations (Boglione et al., 2013b). 

 

Several biologically active forms of vitamin D occur but the two main natural 

forms of vitamin D are vitamin D2 (ergocalciferol) that only occurs in plants, and 

vitamin D3 (cholecalciferol) that occurs in animals. Vitamin D has a known effect on 

fish plasma calcium (Ca) and phosphorus (P) regulation, intestinal Ca uptake, Ca 

transport via the gills, renal phosphate reabsorption, alkaline phosphatase activity 

and bone tissue mineralization and resorption (Halver, 2002a; Lock et al., 2010; 

Moren et al., 2011). Dietary imbalances of vitamin D in fish have been linked to 

impaired growth, poor appetite, anorexia, lethargy, tetany, structural changes in 

muscle fibres and altered calcium homeostasis, resulting in abnormal bone formation 

(Halver, 2002a; Boglione et al., 2013b).  

 

The term vitamin E is a generic descriptor for all molecules that possess the 

biological activity of α-tocopherol. The tocopherols act as inter and intracellular 

antioxidants to maintain homeostasis of labile metabolites in the cell and tissue 

plasma. As physiological antioxidants, they usually protect oxidizable vitamins and 

labile unsaturated fatty acids. Vitamin E dietary imbalances have been shown to 

induce poor growth, muscular dystrophy, edema of heart, muscle and other tissues, 

anaemia, impaired erythropoiesis, body depigmentation and ceroid pigment 

accumulation in the liver, toxic liver reaction, and death (Halver, 2002a;             

Boglione et al., 2013b). Although not extensively studied in fish, vitamin E is 

important for proper skeletal development, especially to combat endogenous and 

exogenous free radicals that can cause damage to osteoblasts and stimulate 

osteoclasts (Lall and Lewis-McCrea, 2007). However, an elevation of dietary vitamin E 
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and vitamin C over 3000 mg/kg, led to unbalanced body vit C/vit E ratio resulting in 

a higher incidence of bone anomalies and a lower larval survival in gilthead seabream 

larvae (Izquierdo et al., 2019). 

 

Vitamin K occurs naturally as phylloquinone (vitamin K1) that is synthesized by 

plants, and menaquinone (vitamin K2) synthesized by bacteria. In addition, there is a 

synthetic provitamin, menadione (vitamin K3), primarily used as a vitamin K source in 

animal feed (Boglione et al., 2013b). Vitamin K is a cofactor for the enzyme vitamin 

K–dependent carboxylase, responsible for the post translational formation of gamma-

carboxyglutamyl (Gla) residues, essential for the function of blood clotting proteins 

(Rishavy and Berkner, 2012). In fish, a vitamin K deficiency can result in anaemia, 

haemorrhages (in the gills, eyes, and vascular tissues) and reduced blood clotting 

capability, a feature essential for fish due to their aquatic living environment (Halver, 

2002a). Vitamin K has been shown to be essential to fish skeletal development since 

several vitamin-K dependent proteins (osteocalcin (Oc), Gla rich protein (GRP), matrix 

Gla protein (MGP) and protein-S) are essential for bone health, extracellular matrix 

mineralization and skeletogenesis (Boglione et al., 2013b).  

 

Water-soluble vitamins include inositol, choline, ascorbic acid (vit. C) and B 

vitamins (thiamine (vit. B1), riboflavin (vit. B2), niacin (vit. B3), pantothenic acid (vit. 

B5), pyridoxine (vit. B6), biotin (vit. B8 or H), folic acid (vit. B9), and cyanocobalamin 

(vit. B12). B-vitamins function as coenzymes or cofactors in energy-producing 

metabolic pathways for carbohydrates, fats and proteins. B-vitamins also play an 

important role in maintaining functions of the nervous system (Dai and Koh, 2015). 

Although some warm water fish species possess intestinal microorganisms that can 

synthetize certain water-soluble vitamins, e.g. vitamin B12 in carp, channel catfish, 

Nile tilapia, rainbow trout, ayu and goldfish (NRC, 2011a), water-soluble vitamins are 

not stored in body tissues and a constant supply of these vitamins is required to 

prevent deficiency signs in fish (NRC, 2011a). All B vitamin deficiencies result in 

general symptoms such as reduced growth and feed intake (anorexia), and most B 

vitamin deficiency symptoms include anaemia (except vit. B1) and changes in body 

coloration (except vit. B3, B5 and vit. B12) (Hansen et al., 2015). Moreover, NRC 

(2011a) contains reports of dietary deficiencies of individual B vitamins being 

associated to several other types of disorders (neurological, ocular, dermal and 

intestinal lesions and skeletal malformations, among others). In regard to the effects 

B vitamins have on skeletal development of fish there is almost no data available, 



I – General introduction 

 32 

however, in vivo and in vitro data from humans, rats and poultry indicated that a poor 

dietary intake and low blood concentrations of several B vitamins (vit. B2, B3, B6, B8, 

B9 and B12) may affect the health of the skeletal tissue (Boglione et al., 2013b; Dai 

and Koh, 2015). 

 

Unlike all other isomers of inositol, myoinositol possesses biological activity 

and is a structural component in living tissues. It has lipotropic action, preventing 

accumulation of cholesterol in one type of fatty liver disease, and is involved with 

choline in homeostasis of normal lipid metabolism (Halver, 2002a). Signs of inositol 

deficiency have been reported to include poor appetite, anaemia, poor growth, fin 

erosion, dark skin coloration, edema, slow gastric emptying, decreased 

cholinesterase, and certain aminotransferase activities in trout, red sea bream, 

Japanese eel, Japanese parrotfish, and yellow tail (NRC, 2011a; Shirmohammad et al., 

2016). Although not demonstrated in fish, Dai et. al (2011) has shown that, in mice, 

a dietary deficiency of myoinositol had a detrimental impact on prenatal skeletal 

development and postnatal bone remodelling and that myoinositol supplementation 

may strengthen the bone structure. 

 

Choline has a structural function in biological membranes and in tissue lipid 

utilization, as a component of phosphatidylcholine. It is also a precursor of the 

neurotransmitter acetylcholine and betaine (involved in methylation reactions and 

detoxification of homocysteine) (NRC, 2011a). The signs of choline deficiency, in 

several fish species, include growth retardation, poor survival, poor feed efficiency 

and impaired fat metabolism (Halver, 2002b; NRC, 2011a). In fish models there is 

virtually no literature associating dietary choline to bone health, but in rat models a 

dietary deficiency of choline altered mandibular bone remodeling, detected as a 

marked reduction in osteogenesis (Gorustovich et al., 2003a), delayed the peri 

implant repair process as well as induced qualitative and quantitative changes in bone 

tissue (Gorustovich et al., 2003b) and reduced bone formation and increased bone 

resorption, promoting reduced cancellous and cortical bone mass (Iwamoto et al., 

2011). In a human trial, dietary choline was positively associated with bone mineral 

density in middle-aged and elderly participants (Øyen et al., 2017a).  

 

Ascorbic acid is involved in multiple physiological processes such as growth, 

reproduction, response to stressors, hormone and immune systems, collagen 

synthesis, bone formation, bone repair, and wound healing. Ascorbic acid also 

https://en.wikipedia.org/wiki/Methylation
https://en.wikipedia.org/wiki/Homocysteine


I –General introduction 
 

 33 

facilitates the absorption of iron and together with vit. E and selenium minimizes 

peroxidation of lipids in fish tissues (Halver, 2002b; NRC, 2011a). Dietary vit. C 

supplementation is required for most fish as they are unable to synthesize it or 

cannot synthesize enough to meet the requirements (Lall and Lewis-McCrea, 2007). 

Deficiency signs in several fish species are generally related to impaired collagen 

formation that leads to hyperplasia of collagen and cartilage, resulting in scoliosis, 

lordosis, internal haemorrhage, resorbed opercles, and abnormal support cartilage 

in gills, spine, and fins, with hyperplasia of the jaw and snout (Boglione et al., 2013b). 

However, as mentioned before, a recent study with gilthead seabream larvae showed 

that an elevation of dietary vit E and vit C over 3000 mg/kg, resulted on a higher 

incidence of bone anomalies and lower survival (Izquierdo et al., 2019). 

 

I.7.4. Minerals 

Dietary minerals can be divided into two groups, based on relative dietary 

requirements: (i) macro minerals, including calcium (Ca), phosphorus (P), magnesium 

(Mg), chlorine (Cl), potassium (K) and sodium (Na), and (ii) micro or trace minerals, 

required in amounts of micro to milligram per day, such as copper (Cu), iron (Fe), 

manganese (Mn), selenium (Se), zinc (Zn), chromium (Cr) and iodine (I). Information 

regarding mineral nutrition in fish is limited when compared to other nutrient groups 

and to the knowledge accumulated in terrestrial animals, partially due to factors such 

as mineral absorption from water (via gill membrane and skin), mineral leaching from 

feed and limited information on mineral bioavailability. Nonetheless it is known that 

the basic metabolic functions of the various minerals are the same for aquatic and 

terrestrial animals, with the exception of osmotic regulation (NRC, 2011b). In fish, 

minerals have a wide array of functions which include adding strength to the skeletal 

system, serving as components of organic compounds (such as proteins and lipids), 

enzyme-system activators, and maintaining acid-base and osmotic balances (Webster 

and Lim, 2015). 

 

Calcium is essential for a variety of biological functions: muscle contraction, 

blood clot formation, nerve transmission, maintenance of cell membrane integrity, 

specific enzyme activation, cellular nutrient uptake, etc. (for review see Lall (2002)). 

Phosphorus has an important role in energy metabolism as a component of adenosine 

mono-, di- and triphosphate (AMP, ADP, and ATP, respectively) and as a component 

of nucleic acids, phospholipids, buffer systems and enzymes, and is important in 

antibody formation (Webster and Lim, 2015). Ca and P are closely related to the 
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development and maintenance of the vertebrate skeletal system, as they are major 

constituents of bone as calcium phosphate and hydroxyapatite. The dietary 

essentiality of Ca is fish-species specific and dependent on the amount of Ca available 

in the environment, both freshwater and marine fish tend to require less dietary Ca 

as aquatic Ca concentrations rise, so much so that in certain fish species dietary Ca 

is dispensable (Hossain and Yoshimatsu, 2014). Unlike Ca, dietary P supplementation 

is critical to avoid deficiency, which is characterized by reduced growth, decreased 

feed efficiency, poor bone mineralization and skeletal abnormalities (curved spines, 

soft bones, twisted pleural ribs, compressed vertebral bodies that can result in 

scoliosis and cephalic anomalies) (Lall, 2002; Lall and Lewis-McCrea, 2007; NRC, 

2011b; Sugiura et al., 2004). Moreover, the dietary ratio of Ca:P needs to be 

considered otherwise excess Ca or P may cause mineral imbalances, that can affect 

the absorption of other minerals (e.g. excess dietary Ca can reduce Zn, Fe and Mn 

absorption), or result in environmental contamination (excess P is excreted). Ratios 

of dietary Ca:P near 1 have been recommended for fish (Hossain and Yoshimatsu, 

2014; NRC, 2011b).  

 

Microminerals such as Cu, Fe, Mn, Se and Zn are essential in aquatic animals 

for a variety of biological processes such as skeletal structure, electron transfer, acid-

base equilibrium, osmoregulation, enzymatic activities, immune competence and 

basic metabolic functions. Although fish requirements for these minerals can be 

partially met by waterborne mineral absorption, due to their low presence in rearing 

waters, dietary supplementation is normally required to prevent deficiency 

symptoms. In a general manner micromineral dietary imbalances can be manifested 

as poor growth, low feed efficiency and high mortality, among other symptoms 

related to specific mineral functions (e.g. altered mineral-specific enzyme activities) 

(Watanabe et al., 1997; Lall, 2002; Chanda et al., 2015). Concerning the development 

and maintenance of skeletal structures, in mammals, dietary supplementation of Cu 

influences bone formation, skeletal mineralization, and the integrity of the connective 

tissue, e.g. by way of lysyl oxidase, a copper-containing enzyme intimately related to 

collagen production (Palacios, 2006). In a biomedical fish model, Gansner et al. 

(2007) have demonstrated that in zebrafish embryos, impairment of lysyl oxidase 

function and chemically induced copper deficiency resulted in the distortion of the 

notochord, a critical structure required for vertebral column patterning in vertebrates 

(Fleming et al., 2004). Feeding fingerling stinging catfish with incremental 

supplementation levels of dietary Mn increased the activity of hepatic Mn-SOD and 
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whole body and vertebrae mineralization (Zafar and Khan, 2019). In vivo studies have 

demonstrated that dietary Mn, Se and Zn play critical roles in the skeletal 

development of salmonids (Baeverfjord et al., 2019).  Moreover, Mn and Zn 

supplementation (enriched Artemia) lowered the incidence of malformation in dorsal 

fin rays of red sea bream larvae (Nguyen et al., 2008) and Mn, Se, and Zn 

supplementation to gilthead seabream larvae weaning diets promoted bone 

mineralization and had a considerable effect in preventing skeletal anomalies 

(Izquierdo et al., 2016; Terova et al., 2018). 

 

I.8. The impact of skeletal anomalies 

Skeletal malformations have been reported to limit the growth of the 

aquaculture industry. The majority of skeletal anomalies have their onset during bone 

development in early larval stages (Boglione et al., 2013b), although some vertebrae 

fusion and related anomalies can also develop late in life (i.e. after smoltification in 

salmon) (Witten et al., 2006). In fact, post-larvae and juvenile aquaculture species 

when produced under intensive rearing conditions, present a high incidence of 

skeletal anomalies that can reach levels ranging up to 90% (Gavaia et al., 2002, 2009; 

Barahona-Fernandes, 2006; Engrola et al., 2009; Fernández and Gisbert, 2011) while 

wild captured larvae display a low incidence of deformations (Gavaia et al., 2009). 

Skeletal malformations are a complex mixture of different bone disorders including 

vertebral and spinal malformations such as kyphosis, lordosis, scoliosis, and 

vertebrae fusion (Figure 10). Other deformities include neck-bend, compressed 

snout, bent jaw, harelip or front and downwards protuberance of jaw, reduction of 

lower jaw, short operculum, reduced or asymmetric fins, etc. In marine fish hatcheries 

the most abundant malformations are neck deformities, and vertebral and spinal 

disorders. 
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Figure 10. Examples of skeletal malformations in aquaculture reared fish. 70 DAH 

European seabass (Dicentrarchus labrax) with A) lordo-kyphosis (arrows), B) 

malformed maxilla (black arrow) and C) multiple vertebral fusions (vertical arrows) 

with lordo-kyphosis (angled arrows). 84 DAH Senegalese sole (Solea senegalensis) 

with D) compressed and hyper-calcified vertebrae (bracket) and fused vertebrae 

(arrow), E) vertebral fusions (arrows) and F) lordo-kyphosis (arrows). Juvenile white 

seabream (Diplodus sargus) with G) pre-haemal vertebral fusions (angled white 

arrow), saddleback syndrome (black arrow) and caudal vertebral fusions (vertical 

white arrows) H) multiple vertebral fusions (vertical white arrows) and hyperosteosis 

(horizontal arrows). Juvenile gilthead seabream (Sparus aurata) with I) caudal 

vertebral fusions (vertical arrows), hyperostosis (horizontal arrows) and anomalous 

dorsal fin pterygiophores (angled arrows), and J) lordosis (arrow). K) Juvenile grayling 

(Thymallus thymallus) with scoliosis (arrow) and L) juvenile meagre (Argyrosomus 

regius) with vertebral fusion (arrow). Arrows indicate location of malformations. X-

Ray images of white seabream, grayling and meagre were kindly provided by Dr. Paulo 

Gavaia and seabream by IPMA-EPPO. 

 

Skeletal malformations can affect swimming ability, capability to compete for 

food, reduce growth rates, increase mortality and significantly affect animal welfare. 

The degree of severity of these malformations may be influenced by abiotic (pH, 

temperature, water current and salinity) or biotic factors, such as parasites, toxins, 

infections or, most importantly, nutritional imbalances (Lall and Lewis-McCrea, 2007). 

Fish farms rarely provide data on the incidence of deformities in their reared fish as 

it could compromise the farm’s reputation, but this fact makes it difficult to estimate 

the real economic loss due to these malformations. The minimum annual loss 

estimated for European aquaculture is more than € 50 000 000 per year and it is 

supposed that a 50% reduction of skeletal anomalies could save € 25 000 000 per 
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year (Boglione et al., 2013b). Fish farms could only benefit from implementing 

systematic monitoring and reporting of skeletal anomalies, leading to an increase of 

productivity, profitability and transparency, which could improve the global image of 

aquaculture. 

 

Studies contributing towards a better understanding of the mechanistic role of 

nutrients in bone metabolism in fish larvae are clearly needed. However, experimental 

trials in this area are quite complex, given the difficulties on isolating a single 

nutritional factor, due to the potential contribution of minerals from the surrounding 

water, leaching of water-soluble nutrients from the diet prior to consumption and 

inaccurate quantification of feed intake. Alternative methods are required. One such 

method is the use of cell cultures as models for biological studies and these in vitro 

cell systems have been proven to be important biological tools. Cell culture studies 

should be considered as complementary tools to in vivo experimentation. These tools 

allow for a more controlled manipulation of cellular functions and processes; results 

are obtained more rapidly than with intact animals and with less cost and waste and 

reduce the use of animals in experimental research. 

 

The rainbow trout, Salmo gairdneri gonadal cell line, RTG-2 developed by Wolf 

and Quimby (1962) was the first permanent cell line of fish origin. In the almost 

60 years since then, fish cell lines have grown in number (as of 2011, 283 cell lines 

have been established) covering a wide variety of species (from freshwater, marine 

and brackish water) and tissues of origin (e.g. ovary, fin, heart, liver, muscle, 

vertebrae, among others) and an array of applications. The use of fish cell cultures 

has contributed to the increase of knowledge in fish immunology, toxicology, 

ecotoxicology, endocrinology, virology, biomedical research, disease control, 

biotechnology, aquaculture and radiation biology (Lakra et al., 2011). Of particular 

interest to this work and to be used as a complement to nutritional studies, is the 

use of bone derived cell cultures from an important European aquaculture species, 

gilthead seabream (Sparus aurata), capable of mineralizing their extracellular matrix 

(ECM) and that are responsive to nutrient supplementation, as previously reported by 

Viegas et al. (2012). 
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I.9. SANFEED – facilitating academia and industrial research 

Over many decades there has been a considerable distance between academia 

and industry. These are two very different cultures with two very different missions.  

On the one hand, the academic mission is education and discovery driven by 

intellectual curiosity. In industry on the other hand, the mission is translational 

research, commercialization, and profitmaking. A productive interface between 

industry and academia is necessary to ensure that the education imparted in higher 

learning institutions leads to the creation of expertise and skills that would meet the 

specific requirements of industry. The industry-academia interface benefits not only 

the educational institutions but also the companies.  

 

Companies are increasingly moving beyond the conventional role of merely 

absorbing talent; they are also actively participating in the process of shaping it. With 

this in mind the University of Porto has established the sustainable animal nutrition 

and feeding (SANFEED) programme, a doctoral animal science programme set in an 

industrial environment, funded by the Portuguese Foundation for Science and 

Technology (FCT) and comprised of a consortium of top-level academic and business 

partners, bringing business into the research and innovation chain and promoting 

the transfer of new ideas from science into technology. 

 

This thesis was developed in the framework of a collaborative research project 

associating two industrial partners SPAROS LDA and ADM Portugal S.A., and three 

research institutions (ICBAS - University of Porto, University of Algarve and IPMA). 

Altogether, they gathered a specific set of skills and resources that were extremely 

relevant to address a challenging topic, such as the optimization of fish larvae 

nutrition (Figure 11). 
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Figure 11. Schematic view of partner’s contribution to our research work 

 

A keyword for this thesis is optimization. Being conducted on an industrial 

environment, the research approaches the we have adopted was focused on the 

improvement of currently existing solutions, already present in the market. Since they 

often try to assess quantitative or qualitative requirements, most studies in larvae 

nutrition rely on experimental designs that comprise a suboptimal nutritional 

condition, a sort of negative control, that afterwards is altered or supplemented with 

a given nutritional variable in order to assess its potential beneficial effects. This 

approach has proven to be extremely useful since it allows to generate significant 

knowledge on the requirements of both macro and micronutrients. 

 

But today’s commercial microdiets for marine fish larvae are formulated with 

high levels of premium marine-derived protein sources, adequate levels of essential 

LC-PUFAs and phospholipids and specific vitamin and mineral premixes, and 

therefore are not expected to be limiting in terms of essential nutrients. In all our 

experimental trials, we have always used as control treatments the current version, 

or as close as possible versions, of the existing commercial products. Our intention 

was not to generate new data on the requirements of specific nutrients, but rather to 

evaluate if the various nutritional variables that we tested (peptide profile, B-vitamins 

supplementation, trace mineral doses and forms, choline level and 

calcium:phosphorus ratio) could bring additional benefits on the performance and 

skeletogenesis of marine fish larvae.  
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I.10. Objectives of this thesis 

One of the major bottlenecks faced by the marine aquaculture industry is the 

mass culture of healthy, fast growing fish larvae and juveniles with high survival rates 

and a low incidence of skeletal deformities. Optimal nutrition at the early 

developmental stages plays a pivotal role on fostering growth performance, skeletal 

development and stress resistance of larvae and juvenile fish. High quality 

commercial microdiets for marine fish larvae show a limited risk of nutritional 

deficiencies. However, at a highly sensitive life stage such as larvae, minor deviations 

from the optimal balance of the various nutrients may have significant effects on a 

vast array of biological processes. Therefore, there is still substantial room for 

significant improvements on the nutrition of marine fish larvae. 

 

Target species were gilthead seabream (Sparus aurata) and European seabass 

(Dicentrarchus labrax), which are among the most important marine finfish species 

cultivated in Europe, particularly in the Mediterranean region; and Senegalese sole 

(Solea senegalensis) that has recently emerged as an interesting option for market 

diversification.  

 

The main objective of this thesis was to generate new knowledge on specific 

aspects of larvae nutrition, that could lead to an optimization of current microdiets 

for marine fish larvae commercialized by SPAROS.  

 

Given its industrial relevancy, the main criteria used to assess beneficial effects 

of nutritional variables were somatic growth and skeletal development, with a special 

focus on the incidence of skeletal anomalies. 

 

After a critical assessment of the major knowledge gaps and challenges that 

we believe are still limiting the efficacy of current commercial microdiets, we have 

decided to tackle the following issues: 

 

Optimal protein supply 

• Assess the impact of various novel protein hydrolysates on the growth 

performance, bone status and intestinal status of gilthead seabream larvae. 
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Optimal micronutrients supply  

• Identify the effect that different trace minerals and B-vitamins can have on 

bone related cellular processes by using an in vitro (cell-culture) approach. 

 

• Assess the potential benefits of dietary B-vitamins (thiamine, pyridoxine and 

cyanocobalamin) supplementation, beyond requirement levels, on growth and 

bone status of Senegalese sole post-larvae. 

 

• Evaluate potential benefits of lowering the dietary choline content on growth 

and bone status of Senegalese sole post-larvae. 

 

• Assess the impact of lowering the dietary calcium:phosphorus ratio on growth 

and bone status of Senegalese sole post-larvae. 

 

• Evaluate the benefits of a dietary Mn and Zn supplementation, beyond 

requirement levels, on growth and bone status of Senegalese sole post-larvae. 

 

• Assess the effect of dietary trace mineral form (organic vs inorganic) on growth 

and bone status of European seabass and Senegalese sole post-larvae. 

 

As mentioned before, in all our experimental trials, we have used as control 

treatments the current formulation, or as close as possible versions, of the existing 

commercial products. The objective was not to generate new data on the 

requirements of specific nutrients, but rather to evaluate if modulating various 

nutritional variables could bring additional benefits on the performance and 

skeletogenesis of marine fish larvae. Such an approach will contribute to a fast-track 

decision on the implementation of the results obtained in this work.  
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Chapter II – Common methods 
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General considerations 

 Throughout the work performed in this thesis several zootechnical growth and 

bone related parameters were chosen as the endpoints of several experiments using 

different diets and were maintained across the different studies, with slight 

alterations, in order to achieve a certain degree of uniformity among results. Larval 

fish growth performance was evaluated by measuring dry weight, standard length, 

survival rate, relative growth rate and feed conversion ratio. Evaluation of the bone 

status of larval fish was assessed by measuring mineral apposition rate of vertebrae, 

vertebrae density, the incidence of commercially severe malformations or vertebral 

malformation scoring. A detailed description of these parameters and their 

calculation is described below.  

 

Ethics declarations 

All experiments with live animals were conducted by trained scientists and in full 

compliance with the European (Directive 2010/63/EU) and Portuguese (Decreto-Lei 

nº. 113/2013, August 7th) legislation on the protection of animals for scientific 

purposes.  

 

Proximate composition  

Analysis of proximate composition of feeds and fish were performed following 

the methodologies described by AOAC (2006). The dry matter content was 

determined after drying samples at 105ºC for 24 h. Total ash was analysed by 

combustion (550ºC during 6 h) in a muffle furnace (Nabertherm L9/11/B170, 

Germany). Crude protein (N×6.25) was analysed by a flash combustion technique 

followed by a gas chromatographic separation and thermal conductivity detection 

with a Leco N analyser (Model FP-528, Leco Corporation, USA). Following an acid 

hydrolysis step, crude lipid was determined by dichloromethane extraction (40-60ºC) 

using a Soxtec™ 2055 Fat Extraction System (Foss, Denmark). Gross energy was 

measured in an adiabatic bomb calorimeter (Werke C2000 basic, IKA, Germany).  

 

Amino acids 

Total amino acids were determined in the experimental diets after hydrolysis 

(6 M HCl at 116 °C over 22 h in nitrogen-flushed glass vials) and then pre-column 

derivatization with the AccQ Fluor Reagent (6-aminoquinolyl-N-hydroxysuccinimidyl 

carbamate) using the AccQ Tag method (both Waters, Milford, MA, USA). Ultra-high-

performance liquid chromatography (UPLC) was then performed in a reversed-phase 
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column for amino acid analysis system (Waters) using norvaline as the internal 

standard. Tryptophan was not determined because it is partially destroyed by acid 

hydrolysis. The resultant peaks were analysed with EMPOWER software (Waters).  

 

Fatty acids 

For fatty acid analysis of feeds, lipids were first extracted according to the 

method of Folch et al. (1957), derivatised to form fatty acid methyl esters (FAMEs)  

and afterwards the fatty acid composition was determined by gas-chromatography, 

according to the procedure of Lepage and Roy (1986). 

 

Vitamins 

 The vitamins content of experimental diets was analysed by an external 

laboratory (EUROFINS Scientific, Portugal) following accredited methods for 

compound animal feeds.   

 

Mineral leaching 

Leaching experiments were carried out in 2 L beakers containing 1 L of 50 µm 

filtered sea water (35ppt, 22 ±1ºC) placed on a multi-functional orbital shaker (PSU-

20i, Biosan) set for the following conditions: orbital- 50rpm, 15s; reciprocal- 360º, 

5s; vibration- 1º, 5s. At 0 time, 2g of each experimental diet, in triplicate, were added 

to the water and at specific times, water was syphoned until only 20-35ml remained, 

after which the remaining water was evaporated, at 105ºC, in a laboratory oven (MOV-

212-PE, Panasonic) for 24h. Samples were taken for analytical characterization. 

Mineral leaching was calculated as follows: 

𝐿𝑒𝑎𝑐ℎ𝑖𝑛𝑔 = 100 − (
𝑀𝐶𝑡

𝑀𝐶𝑡0
𝑥100) 

where, 𝑀𝐶𝑡0 corresponds to the specific mineral content of feed at time zero and 

𝑀𝐶𝑡 to the specific mineral content of feed after t time of immersion. Leaching units 

are percentage (%). 

 

Mineral analysis 

Macrominerals 

Dry samples were weighed (50 mg) and digested in 3 mL of nitric acid (HNO3 

tracer grade, 70%) for 2 hours at 95 °C in a dry bath. After 2 hours, 1 mL of hydrogen 

peroxide (H2O2 tracer grade, 30%) was slowly added and the samples were kept at 95 

°C for an additional 30 minutes. The samples were then cooled to room temperature 
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and made up to 10 mL with ultrapure water. Before analysis, the solutions were 

diluted 16-fold in ultrapure water and standard curves were prepared in ultrapure 

water. Mineral quantification was performed by Microwave Plasma-Atomic Emission 

Spectroscopy (MP-AES, Agilent, model 4200). Blank samples, containing only the 

decomposition reagents were included to control contamination and the results were 

subtracted from the samples. Certified reference materials (Fish muscle ERM®-BB422 

and Fish Protein DORM-3) were used to assess the accuracy of the analytical 

procedure and the results were within 5% of certified concentrations for all elements.   

 

Microminerals 

Dry samples were accurately weighed (90–380 mg) in a Teflon digestion vessel 

and then 3 ml of nitric acid 69% (v/v) + 1 mL of 30% (v/v) H2O2, both TraceSELECT ™ 

from Fluka, were added. The digestion vessel was tightly closed and placed inside a 

high-performance microwave digestion unit (Milestone MLS 1200 Mega, Sorisole, 

Italy) and the decomposition was carried out according to the following program: Step 

1-250W, 1min; Step 2- 0W, 1min; Step 3- 250W, 5min; Step 4- 400W, 5min; Step 5- 

650W, 5min. Afterwards, the digests were left to cool and the volume was made up 

to 25 mL with ultrapure, de-ionized water. The samples were then diluted 10-fold and 

scandium (Sc), yttrium (Y), indium (In) and terbium (Tb) were added as internal 

standards to a final concentration of 10 μg.L
-1

. The samples were analysed for trace 

elements using inductively coupled plasma mass spectrometry (ICP-MS, iCAP Q, 

Thermo Fisher Scientific). Blank samples, containing only the digestion reagents were 

included to measure for contamination and the results were subtracted from the 

samples. Certified reference materials (Fish muscle ERM®-BB422 and Fish Protein 

DORM-3) were tested to assess the accuracy of the analytical procedure and the 

results were within 5% of certified concentrations for all elements.   

 

Growth performance parameters 

• Dry weight (DW): average individual weight of fish, measured in grams (g), after 

a lyophilization process. 

• Standard length (SL): average individual length of fish, measured in 

centimetres (cm). 

• Survival: was calculated as follows: 

𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 =
𝑛º 𝑓𝑖𝑛𝑎𝑙 𝑓𝑖𝑠ℎ

𝑛º 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑓𝑖𝑠ℎ 
 𝑥 100 

Survival units are percentage (%). 
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• Relative growth rate (RGR): was calculated as: 

𝑅𝐺𝑅 = (𝑒𝑔−1) 𝑥 100 

where g =  (lnWt −  lnW0) ×  t−1
. Wt and W0 correspond to final and initial dry 

weights, respectively, and t is the chosen period in days. RGR units are % DW/day.  

 

• Feed conversion rate (FCR) was calculated as: 

𝐹𝐶𝑅 =
𝑊𝑊𝑔

𝐷𝑊𝑖𝑛
 

where 𝑊𝑊𝑔 correspond to wet weight gain and 𝐷𝑊𝑖𝑛 to dry weight intake.  

 

Evaluation of the mineral apposition rate (MAR) of vertebrae  

In order to mark time intervals to measure the rate of mineral deposition on 

the bone, fish were immersed in a calcein staining solution as previously reported 

(Du et al., 2001), with some modifications. The staining solution was made in 

0.045mm filtered sea water with calcein powder (Sigma) at 0.1 %, immediately before 

staining. pH was adjusted with NaOH to 7.6 and any residual calcein powder was 

removed by filtering. For staining, live fish were immersed in the staining solution for 

5 min. Stained fish were then placed in calcein-free seawater for more than 10 min to 

remove any unbound calcein. At a second stage in time, fish were sacrificed with an 

overdose of tricaine methanesulfonate (MS222; Sigma) and placed in para-

formaldahyde (PFA) 4% in phosphate buffer solution (PBS), 4ºC for 20h. Vertebral 

columns were removed by dissection and placed in KOH 2% overnight with gentle 

agitation. Muscle tissue was then removed mechanically by light scraping and placed 

in KOH 2% to help remove remaining muscle. Samples were then stained with an 

Alizarin red-S (ARS) solution 1% in KOH 0.1% and subsequently submitted to graded 

concentrations of glycerol (25-75%) in KOH 0.1%, for 3h, for subsequent observation 

on an Olympus IX81 motorized fluorescence microscope equipped with a F-View 

camera (Olympus). Imaging was performed under green (510–550 nm) and blue (450–

480 nm) fluorescent light to image ARS and calcein staining, respectively. To measure 

MARs, the same three caudal vertebrae (free of malformations) from at least ten fish 

from each replicate tank were selected. The interlabel thickness was measured using 

the software ImageJ 1.51j (Wayne Rasband, National Institutes of Health, USA) (Figure 

12).  
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MAR was calculated as follows: 

𝑀𝐴𝑅 =
𝐼𝑟𝐿. 𝑡ℎ̅̅ ̅̅ ̅̅ ̅̅

𝐼𝑟𝐿. 𝑡
 

where 𝐼𝑟𝐿. 𝑡ℎ̅̅ ̅̅ ̅̅ ̅̅  represents the average interlabel thickness and 𝐼𝑟𝐿. 𝑡 represents the 

chosen period (number of days between the first and second staining). MAR units 

are µm/day. 

 

 

Figure 12. Mineral apposition in Senegalese sole vertebrae. Fluorescence micrographs 

of vertebrae stained with A- Alizarin red-S, B- Calcein and C- Merge of alizarin red S 

and calcein fluorescent micrographs. White box represents the three vertebrae used 

to calculate MARs and the white lines represent interlabel distances to be averaged 

to calculate MAR. Scale bar is 1 mm. 

 

Quantitative X-ray microradiograph imaging (qXRI) 

The relative mineral content (RMC) of the vertebrae of fish at the end of the 

nutritional trial was measured by qXRI. Digital X-ray images of whole fish were 

recorded at, depending on the size of the fish, 29.2 – 59.1 μm/pixel resolution using 

a Kodak DXS 4000 X-ray imaging system (Carestream Molecular Imaging; 

www.carestream.pt) with the following settings: X-ray energy 35kV; exposure 3x45s; 

FOV 120; focal plane 15–20. The RMC of vertebrae was determined as previously 

http://www.carestream.pt/
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reported (Bassett et al., 2012) with the following modifications. A 1.67 mm-thick 

copper covered steel plate and a 0.5 mm-thick polyester plate were used on each 

microradiograph and served as standards. Microradiographs were saved as 16-bit 

DICOM images and the histograms were stretched from the polyester (grey level 0) 

to the copper covered steel (grey level 255) standards using ImageJ 1.51j (Wayne 

Rasband, National Institutes of Health, USA). Subsequently images were saved into 8-

bit Tiff files. 

  

After selecting the first three caudal vertebrae (free of malformations) (Figure 

13) of 5 similar sized fish from each replicate tank, the frequency of occurrence of 

an i grey level (Fi) was calculated as previously reported (Mabilleau et al., 2013): 

𝐹𝑖 = 100 𝑥 
𝑁𝑖

𝑁𝑡
 , 

where Ni represents the number of pixels with the i grey level and Nt the total number 

of pixels. The frequency distribution as a function of grey level was plotted and the 

mean grey level (GLmean) of each set of vertebrae was deduced from this distribution 

using the following formula:  

𝐺𝐿𝑚𝑒𝑎𝑛 =
∑(𝐹𝑖 𝑥 𝐺𝐿𝑖)

100
  , 

where GLi represents the value of the i grey level. RMC units are grey level mean.   

 

 

Figure 13. Relative mineral content of vertebrae. Microradiograph of Senegalese sole. 

Scale bar is 1 cm. Insert is a 2x magnification of the selected area (white box) and 

white arrows represent the vertebrae used to calculate RMC. 

 

Incidence of commercially severe malformations (ICSM) 

 The evaluation of the incidence of CSM, in at least 10 sampled fish in each 

replicate tank, was performed on the previously obtained digital radiographs 
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(described above). Due to their impact on fish marketability, while performing this 

malformation assessment we chose to only consider CSM, according to Boglione et 

al. (2014), i.e., malformations that alter the phenotype of the fish in such a way that 

they become unmarketable. The malformations considered were: Saddle back, 

scoliosis, kyphosis, lordosis, malformed premaxilla or maxilla, malformed dentale, 

deformed or reduced opercular plates, swim-bladder anomaly, vertebral fusion (3 or 

more consecutive vertebrae) and dislocation of the glossohyal. The ICSM was 

calculated as follows: 

𝐼𝐶𝑆𝑀 =
𝑛º 𝑓𝑖𝑠ℎ 𝑤𝑖𝑡ℎ 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝐶𝑆𝑀 

𝑛º 𝑡𝑜𝑡𝑎𝑙 𝑓𝑖𝑠ℎ 𝑠𝑎𝑚𝑝𝑙𝑒𝑑
 𝑥 100 

ICSM units are percentage (%) 

 

Vertebral malformation scoring 

An evaluation of the degree of severity of observed vertebral column 

malformations, in at least 5 sampled fish in each replicate tank, was performed on 

the previously obtained digital radiographs (described above). Fish vertebral columns 

were divided into three anatomical regions, abdominal, caudal and caudal complex 

(according to Gavaia et al. (2002)) and the observed malformations were classified 

with a score ranging from 0 to 3 (Figure 14), according to the criteria presented by 

Losada et al. (2014). Minor or slight alterations usually involved a small number of 

vertebrae and consisted in slight loss of structure or shape of vertebrae, mild 

deviations of the axis or minor changes in the intervertebral spaces. Major alterations 

comprised vertebral fusions and changes in the vertebral bodies and intervertebral 

spaces that may result in moderate or severe axis deviations. Severe skeletal 

malformations consisted of any kind of malformation that altered the morphology of 

fish. A weighted average of scores (MS) was used to compare the effect of the different 

dietary treatments on the severity of the observed vertebral malformations and was 

calculated as follows: 

𝑀𝑆 =
∑(𝑀𝐹 𝑥 𝑆)

∑ 𝑀𝐹
 

where 𝑀𝐹 is the percentage of fish with a malformation score of zero (0), one (1), two 

(2) or three (3) and 𝑆 is the score from 0 to 3. MS units are a qualitative score from 0 

to 3. 
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Figure 14. Criteria used to score vertebral malformations. On top is a 

microradiograph of a Senegalese sole in the lateral projection. White boxes represent, 

from right to left, the abdominal, caudal and caudal complex regions of the vertebral 

column. Scale bar is 1cm. In the table below is a summary of the scoring system used 

in the radiological evaluation of vertebral malformations. Adapted from Losada et al. 

(2014). 
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Chapter III – Peptide optimization 

 

 

 

 

 

III.1. Effect of dietary protein hydrolysates on the growth performance, 

skeletal deformities and intestinal status of gilthead seabream larvae  
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III.1. Effect of dietary protein hydrolysates on the growth performance, 

skeletal deformities and intestinal status of gilthead seabream larvae  

 

Introduction 

The production of high quality and healthy fish larvae and juveniles is an 

important target for the successful and competitive growth of the aquaculture 

industry. Gilthead seabream (Sparus aurata) is among the most important marine 

finfish species reared in Europe, particularly in the Mediterranean region. Generally, 

gilthead seabream larvae are weaned onto high protein dry microdiets (>55% crude 

protein) with a well-defined nutritional composition at 32-35 days after hatching. 

Although fish larvae possess very high growth rates and require an abundant supply 

of dietary amino acids (AA) for anabolic as well as energetic purposes (Finn et al., 

2002), they also lack the capacity to digest and/or absorb complex proteins 

(Rønnestad et al., 2003). There is an evident paradox when the potential for fast 

growth of fish larvae is taken together with its poorly developed protein processing 

capacity of the digestive system. 

 

In this context, the incorporation of highly digestible marine protein 

hydrolysates is now a common practice in commercial microdiets for fish larvae and 

its use has been clearly associated to positive effects on larval performance and 

robustness. For instance survival, growth, development of the digestive tract and the 

occurrence of skeletal deformities were all improved by the inclusion of dietary 

protein hydrolysates in larvae of various fish species, such as European seabass 

(Zambonino Infante et al., 1997; Cahu et al., 1999; Kotzamanis et al., 2007; Leduc et 

al., 2018), rainbow trout (Dabrowski et al., 2003), Atlantic cod and Atlantic halibut 

(Kvåle et al., 2009) and gilthead seabream (Gisbert et al., 2012). Several studies have 

shown that the adequate level of incorporation of marine hydrolysates is around 10% 

of the dry diet (Kotzamanis et al., 2007; Hamre et al., 2013). However, at much higher 

levels of incorporation, the molecular weight of the peptides and excess of peptides 

can boost chymotrypsin activity and reduce the production of enzymes in the 

intestinal brush border (Zambonino Infante et al., 1997; Srichanun et al., 2014), or 

increase catabolism and alter the amino acids absorption with consequent decrease 

in protein synthesis and reduction of growth rate (Espe and Lied, 1994; Rønnestad et 

al., 2007; Srichanun et al., 2014). The hydrolysis of marine-derived proteins (whole-

fish, krill, mussels, various fishery and seafood processing by-products) results in the 
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formation of a mixture of free amino acids, di-, tri- and oligo-peptides, and enhances 

the occurrence of polar groups and the solubility of hydrolysate compounds. These 

low-molecular-weight nitrogenous compounds found in marine hydrolysates are 

important to: i) enhance the palatability and feed intake in low-fishmeal diets; ii) 

improve the overall metabolic use of dietary proteins; iii) promote intestinal mucosal 

health; and iv) reinforce the antioxidant and immune status of the animal. However, 

the nutritional and functional properties of a protein hydrolysate are dependent on 

its composition, namely the abundance and diversity of the various oligopeptides. In 

fish, it has been shown that the protein source and the degree of hydrolysis are 

factors that affect the dietary efficiency of protein hydrolysates (Zambonino Infante 

et al., 1997; Canada et al., 2017; Leduc et al., 2018). Moreover, the degree of protein 

hydrolysis can have distinct effects along larvae development stages. During early 

developmental stages of Senegalese sole (up to metamorphosis (16DAH)), larvae fed 

a diet with a high level of partially hydrolysed proteins (peptide range from 5 to 70 

kDa) showed a higher growth than those fed diets with intact protein or highly 

hydrolysed protein (<5 kDa). However, at later stages (60DAH) higher growth was 

achieved in post-larvae fed with the intact protein diet (Canada et al., 2018).  

 

A study was undertaken to evaluate the effect of several marine protein 

hydrolysates on the growth performance, skeletal development and digestive capacity 

of gilthead seabream larvae.  

 

Materials & Methods 

Test protein hydrolysates  

Test protein hydrolysates were derived from fresh fish by-products (FFBP, from 

Sopropêche, France), anchovy, shrimp and giant squid (AUSTRAL Group S.A.A., Peru) 

in a ready to use powder form. A detailed composition of the various hydrolysates is 

presented in Table 5, Table 6 and Figure 15.  

 

Table 5. Proximate composition of test marine hydrolysates. 

 FFBP Anchovy Shrimp Giant squid 

Moisture, % 3.3 2.1 2.0 2.2 

Crude protein, % 82.6 74.0 78.0 87.1 

Crude fat, % 9.6 13.2 1.1 4.2 

Ash, % 6.9 8.4 11.9 8.2 

Phosphorus, % 0.64 0.63 0.34 0.62 

Gross energy, MJ/kg 22.5 22.1 19.5 21.6 
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Table 6. Peptide profile and amino acids composition of test marine hydrolysates. 

 FFBP Anchovy Shrimp Giant squid 

Molecular weight (% peptides)     
< 500 Da 25.90 42.30 46.02 53.61 
500 - 2000 Da 40.10 37.46 47.71 34.58 
2000 - 6000 Da 30.60 8.27 5.05 6.75 
> 6000 Da 3.40 11.97 1.22 5.06 
     
Amino acids (% product)     
Arginine 7.8 3.6 4.9 6.4 
Histidine 1.8 1.9 1.4 1.3 
Isoleucine 3.3 2.8 3.1 3.5 
Leucine 5.9 4.8 4.6 6.2 
Lysine 7.1 5.3 4.7 6.0 
Threonine 3.5 2.9 3.1 3.5 
Tryptophan 0.4 0.8 0.9 0.6 
Valine 4.1 3.3 3.8 3.4 
Methionine 2.6 1.8 1.4 2.1 
Cystine 1.0 0.5 0.4 0.6 
Phenylalanine 4.0 2.6 3.2 2.8 
Tyrosine 2.5 2.1 2.7 2.4 
Aspartic acid 6.5 6.1 7.1 8.2 
Glutamic acid 10.3 8.4 10.3 12.0 
Alanine 5.3 3.5 4.5 4.5 
Glycine 9.3 3.4 4.5 4.6 
Proline 4.9 2.4 4.1 3.0 
Serine 3.7 2.7 3.1 3.5 

  

 

Figure 15. Molecular weight profile of the protein hydrolysates tested. 
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Experimental diets 

The trial comprised four experimental diets (Table 7) mimicking a commercial 

formulation for marine fish larvae and containing high levels of marine protein 

sources (fishmeal, squid meal, krill meal and fish hydrolysate) and a high-quality plant 

protein source (wheat gluten). All diets contained also an identical 10% level of the 

various test hydrolysates from fresh fish by-products (diet FFBP), anchovy (diet A), 

shrimp (diet S) and giant squid (diet GS). Minor adjustments on wheat gluten, wheat 

meal and fish oil were made among the various diets, to guarantee isonitrogenous 

(crude protein, 62%), isolipidic (17%) and isoenergetic (gross energy, 21.2 MJ/kg) 

conditions. All other ingredients were kept constant among formulas. 

 

Table 7. Formulation and proximate composition of the experimental diets. 

Ingredients, % FFBP A S GS 

Fishmeal1 15.00 15.00 15.00 15.00 

Fish by-products hydrolysate2 10.00       

Anchovy protein hydrolysate2   10.00     

Shrimp protein hydrolysate2     10.00   

Giant squid protein hydrolysate2       10.00 

Squid meal3 35.00 35.00 35.00 35.00 

Krill meal4 6.00 6.00 6.00 6.00 

Wheat gluten5 5.00 6.40 5.70 4.45 

Wheat meal6 2.00 1.10 0.40 1.95 

Fish oil7 4.00 3.50 4.90 4.60 

Krill oil8 4.00 4.00 4.00 4.00 

Soy lecithin9 5.00 5.00 5.00 5.00 

Vitamin and mineral premix10 2.00 2.00 2.00 2.00 

Vitamin E5011 0.10 0.10 0.10 0.10 

Antioxidant12 0.40 0.40 0.40 0.40 

Binders and anticaking agents13 11.50 11.50 11.50 11.50 

     

Moisture, % 7.93 ± 0.12 8.40 ± 0.04 9.46 ± 0.00 9.45 ± 0.02 

Crude protein, % 62.71 ± 0.10 62.68 ± 0.10 62.20 ± 0.08 62.11 ± 0.03 

Crude fat, % 17.75 ± 0.17 17.75 ± 0.06 17.18 ± 0.37 17.37 ± 0.04 

Total ash, % 9.71 ± 0.00 11.03 ± 0.00 10.99 ± 0.01 9.92 ± 0.03 

Gross energy, MJ/kg 21.21 ± 0.04 21.32 ± 0.03 21.29 ± 0.03 21.10 ± 0.01 
1

 MicroNorse: 70.9% crude protein (CP), 8.7% crude fat (CF), Tromsø Fiskeindustri AS, Norway; 
2

 For 

composition check Tables 1 and 2; 
3

 Squid meal without guts: 83% CP, 4% CF, Sopropêche, France; 
4

 Krill 

meal: 61.1% CP, 17.4% CF, Aker Biomarine, Norway; 
5

 VITEN: 82% CP, 2.1% CF, Roquette, France; 
6

 Wheat 

meal: 10.2% CP; 1.2% CF, Casa Lanchinha, Portugal; 
7

 Sopropêche, France; 
8

 Aker Biomarine, Norway; 
9

 

P700IPM, LECICO GmbH, Germany;  
10

 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; thiamine, 30mg; riboflavin, 30mg; pyridoxine, 20mg; cyanocobalamin, 0.1mg; 

nicotinic acid, 200mg; folic acid, 15mg; ascorbic acid, 500mg; inositol, 500mg; biotin, 3mg; calcium 

pantothenate, 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; 
11

 ROVIMIX 

E50, DSM Nutritional Products, Switzerland; 
12

 VERDILOX PX, KEMIN EUROPE NV, Belgium; 
13

 Confidential 

blend of binders anticaking agents.  
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Diets were manufactured by SPAROS Lda. All powder ingredients were mixed and 

ground (<50 µm) in a micropulverizer hammer mill (SH1, Hosokawa-Alpine, Germany). 

Subsequently, the oils were added to the mixtures, which were humidified with 25% 

water and agglomerated by a low-shear and low-temperature extrusion process 

(ITALPLAST, Italy). The resulting pellets of 0.8 mm were dried in a convection oven 

for 4 h at 45 ºC (OP 750-UF, LTE Scientifics, United Kingdom), crumbled (Neuero Farm, 

Germany) and sieved to desired particle size ranges (100-200 µm, 200-400 µm, 400-

600 µm). Diets were stored and refrigerated throughout the trial. Samples were taken 

for analytical characterization (Table 8, Table 9 and Figure 16). 

 

Table 8. Amino acids and fatty acids composition of the experimental diets. 

% of feed FFBP A S GS 

Arginine 5.15 ± 0.35 6.38 ± 0.02 5.03 ± 0.30 5.46 ± 0.09 

Histidine 1.35 ± 0.09 1.90 ± 0.01 1.29 ± 0.09 1.24 ± 0.01 

Isoleucine 2.70 ± 0.08 2.76 ± 0.00 2.79 ± 0.07 2.58 ± 0.01 

Leucine 4.32 ± 0.12 4.42 ± 0.03 4.37 ± 0.11 4.12 ± 0.00 

Lysine 4.20 ± 0.31 3.03 ± 0.01 4.09 ± 0.27 3.64 ± 0.00 

Threonine 2.70 ± 0.02 3.35 ± 0.05 2.66 ± 0.10 2.62 ± 0.01 

Valine 2.81 ± 0.06 2.91 ± 0.02 2.88 ± 0.04 2.67 ± 0.01 

Methionine 1.89 ± 0.04 2.12 ± 0.00 1.69 ± 0.01 2.03 ± 0.00 

Cystine 0.34 ± 0.01 0.35 ± 0.01 0.31 ± 0.02 0.37 ± 0.00 

Phenylalanine 2.43 ± 0.08 3.51 ± 0.02 2.65 ± 0.18 2.58 ± 0.00 

Tyrosine 2.36 ± 0.19 3.43 ± 0.00 2.26 ± 0.12 2.55 ± 0.02 

Aspartic acid 4.67 ± 0.02 2.85 ± 0.01 5.07 ± 0.06 3.68 ± 0.00 

Glutamic acid 8.40 ± 0.39 5.41 ± 0.02 8.38 ± 0.29 7.02 ± 0.02 

Alanine 3.59 ± 0.30 2.72 ± 0.05 3.46 ± 0.06 3.10 ± 0.03 

Glycine 5.10 ± 0.20 4.99 ± 0.00 4.45 ± 0.20 4.68 ± 0.00 

Proline 3.54 ± 0.14 3.11 ± 0.04 3.49 ± 0.02 3.34 ± 0.06 

Serine 2.94 ± 0.04 3.43 ± 0.00 2.91 ± 0.12 2.78 ± 0.00 

Taurine 1.53 ± 0.06 2.37 ± 0.01 1.68 ± 0.04 1.58 ± 0.00 

     

C14:0 1.73 1.79 1.59 1.66 

C16:0 3.75 3.81 3.67 3.67 

C18:0 0.57 0.60 0.61 0.54 

Other Saturated 0.30 0.29 0.31 0.27 

C16:1n-7 1.35 1.39 1.25 1.32 

C18:1n-7 0.76 0.76 0.69 0.74 

C18:1n-9 2.99 2.90 2.80 2.65 

C20:1n-9 0.37 0.36 0.31 0.35 

Other Monounsaturated 0.41 0.36 0.33 0.37 

C18:2n-6 1.79 1.71 1.84 1.75 

C18:3n-3 0.27 0.24 0.25 0.24 

C20:4n-6 (ARA) 0.07 0.07 0.07 0.07 

C20:5n-3 (EPA) 1.43 1.54 1.50 1.55 

C22:6n-3 (DHA) 1.17 1.14 1.19 1.29 

Other Polyunsaturated 0.27 0.25 0.26 0.24 
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Table 9. Vitamins and minerals composition of the experimental diets. 

 FFBP A S GS 

Vitamin A, IU/kg 28843 37103 42474 38114 

Vitamin C, mg/kg 739 847 871 761 

Vitamin D3, IU/kg 4840 4040 4040 3680 

Vitamin E, mg/kg 668 743 751 610 

Vitamin K3, mg/kg 10.9 11.4 13.9 16.6 

Vitamin B1, mg/kg 51.40 50.07 41.50 44.80 

Vitamin B2, mg/kg 67.8 73.8 66.4 66.2 

Vitamin B3, mg/kg 522.98 426.22 462.44 405.69 

Vitamin B5, mg/kg 230.69 312.93 266.49 238.72 

Vitamin B6, mg/kg 42.6 45.8 51.1 48.5 

Vitamin B9, mg/kg 13.03 14.83 17.93 13.91 

Vitamin B12, mg/kg 0.030 0.031 0.024 0.026 

     

P, % 1.9 2.1 2.0 1.9 

Ca, % 1.3 1.4 1.6 1.7 

Na, % 0.59 0.64 0.79 0.73 

K, % 0.61 0.62 0.59 0.61 

Mg, % 0.24 0.28 0.29 0.32 

Mn, mg/kg 19 22 25 30 

Fe, mg/kg 200 230 220 270 

Zn, mg/kg 80 83 88 85 

I, mg/kg 3.4 2.8 2.9 2.6 

Se, mg/kg 1.9 1.8 2.1 1.6 

Co, mg/kg <0.2 <0.2 <0.2 <0.2 

 

 

  

Figure 16. Comparative profile of essential and non-essential amino acids in the diets. 

 

 

 

 

 

 



III – Peptide optimization 
 

 59 

Fish trial  

The trial was conducted at the Estação Piloto de Piscicultura de Olhão from the 

Portuguese Institute of Ocean and Atmosphere (EPPO-IPMA, Portugal). The 

experimental species under testing was gilthead seabream (Sparus aurata) originated 

from Estação Piloto de Piscicultura de Olhão (Portugal). Gilthead seabream larvae were 

reared until 27 days after hatching DAH (DAH) in 1500L tanks at an initial density of 

40 larvae/L. The feeding regime until 27 DAH was based on rotifers and Artemia. 

Rotifers were grown on PhytoBloom Green Formula (Necton SA, Portugal) and 

enriched with Red Pepper (Bernaqua, Belgium) according to manufacturer’s 

specifications. Artemia strain used was EG (INVE, Belgium), enriched with Red Pepper 

(Bernaqua, Belgium). A mature culture of Isochrysis sp. and Nannochloropsis oculata 

was added daily (green water technique). 

At day 28 DAH, groups of 1000 larvae, with a mean initial body weight (IBW) 

of 0.480 ± 0.055 mg were randomly allocated to 12 cylindroconical tanks (volume: 

300 L). Tanks were located indoors, supplied with seawater in a semi-closed system 

(partial water recirculation). Water temperature was controlled at 20 ± 0.4°C, salinity 

at 36 ± 1 ppt and dissolved oxygen was kept above 6.3 mg/L. Light was supplied by 

halogen lamps, from 9h00-23h00. Water quality parameters including dissolved 

oxygen, temperature, ammonia and pH were monitored throughout the trial. A 

specific feeding plan was followed throughout the trial. Each replicate tank was fed 

one of the 4 diets for 37 days, using automatic feeders. From 28-40 DAH gilthead 

seabream larvae were co-fed enriched Artemia and experimental microdiets. Daily 

feeding with live preys was divided in 4-5 meals (09:30, 12:00, 14:00, 17:00 and 

19:00h) with amount depending on larval behaviour and number of preys in the 

tanks. After 40 DAH larvae were fed dry micro diets exclusively, on an hourly basis. 

Distributed feed was quantified throughout the trial.  

 

Biological samplings 

At the start of the trial (28 DAH), 4 pools of 15 larvae were group weighed (dry 

weight) and larvae individually measured for total length. At the end of the trial (65 

DAH), 50 post-larvae per replicate tank were individually weighed (dry weight) and 

measured (total length). These same 50 post-larvae per replicate tank were afterwards 

used for analysis of whole-body composition in terms of protein and energy. 

Moreover, 10 post-larvae per replicate tank were sampled for the assessment of 

skeletal malformations by X-ray analysis. Five post-larvae from each replicate tank 

were collected, rinsed with distilled water to remove salts, immediately frozen in 
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liquid nitrogen and stored at −80 °C to measure the activity of digestive enzymes. 

Additionally, 3 post-larvae from each replicate tank were collected and fixed during 

24 hours with 10% buffered formaldehyde at pH 7.2 for histological analysis of 

intestine.   

 

Biochemical composition  

Analysis of proximate composition, total amino acids, fatty acid, vitamins and 

minerals of feeds and/or fish were performed as described in Chapter II  

 

Histology 

Nine fish from each treatment (n=3 replicate) were collected and fixed during 

24 hours with 10% buffered formaldehyde at pH 7.2 for histological analysis. After a 

period of 24 hours samples were transferred to ethanol (70%) where they were stored 

until embedding in paraffin. Sections of 5 μm were obtained in a microtome Leica© 

RM-2155 (Leica, Vienna, Austria) and stained with haematoxylin-eosin for general 

histological observations.  Slides were analysed under a binocular microscope and 

images captured with a digital camera coupled to the microscope. Height of intestinal 

epithelium was determined on 3 sections from each fish using ImageJ. 

 

Digestive enzymes 

Five fish from each replicate were assayed for activity of digestive enzymes. 

Fish were dissected on a glass maintained at 0 °C, in order to obtain the abdominal 

cavity segments, and the pool of this segments being homogenized in 30 volumes 

(w/v) of ice-cold Manitol (50 mM), Tris-HCl buffer (2 mM), pH 7.0. Purified brush 

border membranes from the abdominal cavity segment homogenate were obtained 

according to a method developed for fish larvae (Cahu and Zambonino-Infante, 1994). 

Trypsin (E.C.3.4.21.4) activity was measured at 25 °C using Nα-Benzoyl-DL-arginine-

p-nitroanilide (BAPNA) as substrate in trizma-CaCl2 buffer (20 mM), pH 8.2 as 

described by Holm et al. (1988). Amylase (E.C.3.2.1.1) activity was assayed using 

starch as the substrate dissolved in NaH2PO4 buffer (0.07 M), pH 7.4 (Métais and Bieth, 

1968). Pepsin-like activity was determined at pH 2 using bovine haemoglobin as 

substrate dissolved in HCl (1 M) (Anson, 1938). The reaction was stopped using TCA 

5%. Alkaline phosphatase (E.C.3.1.3.1) activity was assayed using p-nitrophenyl-

phosphate (pNPP) 5 mM) as a substrate in a solution of carbonate buffer (30 mM), pH 

9.8 (Bessey et al., 1946). Aminopeptidase N (E.C.3.4.11.2) activity was determined, 

using L-leucine p-nitroanilide (0.1 M) as substrate in buffer phosphate (80 mM), pH 
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7.0 as described by Maroux et al. (1973). Acid phosphatase (E.C.3.1.3.2) activity was 

determined according to Terra et al. (1979) using p-NPP 5.5 mM as a substrate made 

in a solution of citrate buffer 0.1 M (citric acid and sodium citrate), pH 4.8. Enzyme 

activities were calculated as micromoles of substrate hydrolysed per minute (i.e., U) 

at 37 °C for aminopeptidase, alkaline and acid phosphatase, and 25 °C for trypsin. 

Amylase activity was expressed as the equivalent enzyme activity required to 

hydrolyse 1 mg of starch in 30 min at 37 °C. Pepsin-like activity was expressed as 

specific activity with 1 U representing 1 mM equivalent of tyrosine liberated per 

minute per mg of protein at 37 °C. Protein was determined by the Bradford method 

(Bradford, 1976). Enzyme activities were expressed as specific activities, i.e., U/mg 

protein or mU/mg protein.  

 

Skeletal malformations 

Commercially severe malformations were assessed as described in Chapter II. 

 

Statistical analysis 

Evaluation criteria data are presented as mean of three replicates  standard 

deviation. Data were subjected to a one-way analysis of variance and criteria 

expressed as percentage were subjected to arcsine square root transformation. When 

appropriate, means were compared by the Student’s-Newman-Keuls test. Statistical 

significance was tested at 0.05 probability level. All statistical tests were performed 

using the IBM SPSS Statistics V18 software. 

 

Results  

Zootechnical performance 

Data on the overall growth performance of seabream post-larvae fed the 

various experimental diets from 28 to 65 DAH is reported in Table 10. Survival rate 

in the overall trial ranged between 66 and 75% for fish fed the FFBP and GS diets, 

respectively. Although not statistically significant (P>0.05), hydrolysates A, S and GS 

tended to increase survival. At the start of the feeding trial (28 DAH), larvae had an 

initial dry weight of 0.48 mg and after 37 days of experimental feeding (65 DAH), 

post-larvae from the best performing treatment (A) had a final dry weight of 17.83 

mg, which represents a 37-fold increase of their initial dry weight. 
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Table 10. Growth performance after 37 days of feeding.  

Diet FFBP  A  S  GS  P value 

28 DAH          

Dry weight, mg 0.48 ± 0.00  0.48 ± 0.00  0.48 ± 0.00  0.48 ± 0.00   

Fresh weight, mg 2.00 ± 0.00  2.00 ± 0.00  2.00 ± 0.00  2.00 ± 0.00   

Total length, mm 7.16 ± 0.00  7.16 ± 0.00  7.16 ± 0.00  7.16 ± 0.00   

          

65 DAH          

Survival, % 66.3 ± 6.6  73.3 ± 2.9  73.0 ± 7.5  75.1 ± 0.9  0.263 

Dry weight, mg 9.20 ± 0.36 a 17.83 ± 2.78 b 12.69 ± 1.69 ab 15.73 ± 5.13 ab 0.038 

Fresh weight, mg 38.32 ± 1.50 a 74.29 ± 11.58 b 52.86 ± 7.06 ab 65.52 ± 21.36 ab 0.038 

Total length, mm 14.25 ± 0.25 a 17.36 ± 0.68 b 15.55 ± 0.56 ab 16.37 ± 1.53 b 0.015 

RGR, %/day 8.31 ± 0.11 a 10.24 ± 0.45 b 9.24 ± 0.38 ab 9.80 ± 0.91 b 0.010 

Values are means and standard deviation (n=3). 

Different superscripts within a row, denotes a statistical difference (P<0.05). 

Relative growth rate, RGR (%/day): 100 x (e 
(Ln FBW – Ln IBW)/days)

 – 1). 

 

In comparison to the FFBP diet, post-larvae fed the A diet showed a significantly 

increase of final body weight (P<0.05) while fish fed the S and GS diets did not. Larvae 

had an initial total length of 7.16 mm and after 37 days of experimental feeding (65 

DAH), post-larvae fed the A and GS diets showed a significantly higher total length 

than those fed the FFBP diet (P<0.05). Similarly, post-larvae fed the A and GS diets 

showed a significantly higher relative growth rate (RGR) than those fed the FFBP diet 

(P<0.05) while post-larvae fed the S diet presented no statistically significant 

difference.  

 

Intestinal histology 

Height of the intestinal epithelium (enterocytes) was measured on the anterior 

intestine (Figure 17 and Figure 18). Post-larvae fed the S diet exhibited a higher mean 

value of 30.4 ± 2.8 µm, whereas FFBP fish exhibited the lower mean value (26.7 ± 2.1 

µm). However, no significant differences were observed in the intestinal epithelium 

height among the various dietary treatment (P>0.05).  
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Figure 17. Determination of intestinal epithelium height, represented by black vertical 

bar, on longitudinal sections of seabream post-larvae (* - indicate mucous cells; arrow 

– indicate brush border). 

 

 

Figure 18. Intestinal epithelium height of seabream post-larvae. Bars are means  

standard deviation (n=9). 

 

Seabream post-larvae exhibited similar digestive tract development regardless 

of the dietary treatments and post-larvae from all treatments exhibited well 

developed gastric glands (Figure 19). Some fish from A and FFBP diet exhibited large 

white inclusions in their pancreas, similar to lipid inclusions, but the exact nature of 

these structures remains to be identified. Regardless of dietary conditions, the 

intestinal epithelium was well organized, with enterocytes exhibiting basal nucleus 

and a well-defined brush border. Mucous cells were also observed scattered along 

epithelia. The posterior intestine from all fish exhibited well developed supranuclear 

vacuoles (Figure 20).  

 

 

* 

* 

* 

* 

* 
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Figure 19. Longitudinal sections of abdominal cavity of seabream post-larvae fed: (A) 

diet FFBP; (B) diet A; (C) diet S; (D) diet GS. Arrow represents fish head direction and 

scale black bar represents 50 µm. Legend: AI – anterior intestine; Gg – gastric glands; 

L – liver; M – muscle; Oe – Oesophagus; P- Pancreas; PI – posterior intestine; S – 

stomach; Sp – spleen. Black bars represent 50 µm. 

 

  

  

Figure 20. Posterior intestine exhibiting well developed supranuclear vacuoles. 

 

 

(C) 

(B) 
(A) 

(D) 



III – Peptide optimization 
 

 65 

Digestive enzymes 

 The specific activities of several digestive enzymes are presented in Figure 21 

and Figure 22. No differences (P>0.05) were found on the specific activity of trypsin, 

pepsin, amylase and acid phosphatase for seabream post-larvae fed the various diets 

(Figure 21). Although not statistically significant (P=0.053), post-larvae fed the FFBP 

and A diets exhibited, in the intestinal homogenate, alkaline phosphatase specific 

activities two times higher than the activities presented by the other treatments (S 

and GS) (Figure 22). However, this pattern was not observed for the purified brush 

border fraction. Despite the absence of significant differences (P>0.05), post-larvae 

fed diet A tended to exhibit a higher mean value of aminopeptidase-N specific activity 

in both intestinal homogenate and purified brush border (Figure 22).  

  

  

Figure 21. Trypsin, pepsin, amylase and acid phosphatase activities. Bars are means 

 standard deviation (n=3). 
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Figure 22. Alkaline phosphatase and aminopeptidase activities in intestinal 

homogenate and brush border. Bars are means  standard deviation (n=3). 

 

Skeletal malformations 

 The occurrence and identification of the commercially severe malformations 

(malformations that alter the phenotype of the fish in such a way that they become 

unmarketable) is presented in Figure 23. The most representative malformation was 

the swim bladder anomaly. Irrespective of the type of malformation, no differences 

were found on the incidence rate of skeletal malformations among the various dietary 

treatments (P>0.05).  

 

Figure 23. Incidence (%) of commercially severe malformations. Bars are means  

standard deviation (n=3). 
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Discussion 

Protein hydrolysates are key ingredients for the success of commercial 

microdiets for marine fish larvae. Therefore, the aquafeed industry is constantly 

seeking novel hydrolysates that could add value (nutritional or other) to their existing 

feeds. This study focused on a comparative assessment of growth performance, 

skeletal development and digestive capacity of gilthead seabream larvae fed diets 

with protein hydrolysates from various marine sources. Seabream larvae fed the 

various experimental diets from 28 to 65 DAH presented an overall survival rate 

ranging from 66 to 75%. Although not statistically significant (P>0.05), our data 

shows that in comparison to post-larvae fed the FFBP hydrolysate, those fed with 

hydrolysates A, S and GS tended to show a higher survival, suggesting an improved 

robustness of larvae fed these diets. This aspect should be further investigated by 

determining larval survival after bacterial and/or environmental stress tests, given 

that the incorporation of marine protein hydrolysates (e.g. shrimp, krill and fish by-

products) has been shown to increase early stage fish disease resistance in European 

seabass (Gisbert et al., 2018) and red seabream (Bui et al., 2014). The survival range 

observed in our study is higher than values reported in previous trials with the same 

species at similar ages, where survival rates ranged between 10 and 55% (Gisbert et 

al., 2012; Saleh et al., 2014; Izquierdo et al., 2016), suggesting an overall adequate 

nutrition and rearing practices.   

 

The nutritional value and functional properties of a protein hydrolysate are 

known to be dependent on the raw material source and processing conditions, which 

markedly affects its composition, namely the abundance and diversity of the various 

free amino acids, di-, tri- and oligo-peptides. In our study, seabream larvae fed the 

anchovy hydrolysate (diet A) showed a significantly higher dry weight, wet weight and 

RGR than those fed the fresh fish by-products hydrolysate (diet FFBP). On a relative 

basis (% over FFBP), the anchovy hydrolysate resulted on an impressive 94, 22 and 

23% improvement of final dry body weight, total length and relative growth rate (RGR), 

respectively. An identification of the mechanisms underlying such gains are of 

extreme relevancy for the optimization of the protein supply in microdiets for marine 

fish larvae. Several studies, in various fish species, have reported growth promoting 

effects of marine hydrolysates, either at the juvenile (Bui et al., 2014; Leduc et al., 

2018) or larval stages (de Vareilles et al., 2012; Kotzamanis et al., 2007; Srichanun 

et al., 2014; Skalli et al., 2014; Delcroix et al., 2015). Performance gains observed 

with moderate inclusion levels of hydrolysates are often associated to an 
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improvement of diet attractiveness, earlier maturation of the digestive system and 

improved digestibility (Zambonino-Infante et al., 2008; Hamre et al., 2013). In our 

study, the activities of the various digestive enzymes (trypsin, pepsin, amylase, 

alkaline phosphatase, N-aminopeptidase) and the intestinal epithelium height were 

not affected by dietary treatments, suggesting a similar development of the digestive 

system among treatments. Therefore, the most probable cause for the growth 

promoting effects of diets A and GS, in comparison to diet FFBP, is a better adequacy 

of their dietary protein profile to digestion and metabolic use by the seabream larvae.         

 

Studies targeting the mechanistic role of peptide hydrolysis in fish larvae 

growth are still limited and the quantitative and qualitative peptide profile of an 

optimal hydrolysate for marine fish larvae is far from being defined. Several studies 

have shown detrimental effects of using elevated levels of hydrolysates with a high 

degree of hydrolysis. At 15 DAH, white seabream larvae fed a hydrolysate rich in 

oligo- and polypeptides (0.5–30 kDa) showed a better performance than those fed a 

diet with a hydrolysate richer in free amino acids (FAA) and di- and tri-peptides (<0.5 

KDa) (de Vareilles et al., 2012). Similarly, Senegalese sole larvae at a pre-metamorphic 

stage (16 DAH), fed a diet rich in peptides with a molecular weight ranging from 5 to 

70 kDa showed higher growth than those fed a diet richer in <0.5 kDa peptides 

(Canada et al., 2018). Additional data supporting this effect exist also for European 

seabass (Kotzamanis et al., 2007). This reduced larval performance with high levels 

of low molecular weight peptides is generally attributed to a potential saturation of 

the peptide transport mechanisms and/or to a differential absorption time between 

FAA and small peptides and protein-bound amino acids (Rønnestad et al., 2007), 

which may lead to an amino acid unbalance at the metabolic level. However, there are 

also studies that reported an increase on somatic growth in larvae fed diets with 

hydrolysates richer in FAA and di- and tri-peptides (Delcroix et al., 2015). In European 

seabass larvae, it was found that yeast and porcine blood hydrolysates rich, in FAA 

and small peptide fractions (<0.5 kDa) could sustain a growth performance similar to 

that of a fish protein hydrolysate with a higher fraction of oligo and polypeptides 

(>0.5 kDa), but only when included at moderate levels, while at higher inclusion levels 

its use resulted on performance losses (Skalli et al., 2014). Moreover, it was recently 

shown that variable dietary peptide profiles affected Senegalese sole somatic growth, 

protein metabolism, muscle cellularity and expression of several myogenic regulatory 

genes differently along the larval development (Canada et al., 2017, 2018). At a pre-

metamorphic stage (16 DAH), a diet rich in peptides with a molecular weight ranging 
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from 5 to 70 kDa resulted on beneficial effects on growth, while at later stages, best 

performance was achieved with a diet comprising mainly intact proteins (Canada et 

al., 2018). Altogether, it seems clear that the optimal dietary peptide profile of 

microdiets for marine fish larvae is a complex matter, since it is not only dependent 

on the molecular weight composition of the hydrolysate used but has also to take 

into account its inclusion level and the developmental stage of the larvae. In our 

study, when comparing the peptide profile of the hydrolysates that generated 

significant differences on somatic growth (A and GS vs FFBP), we found that both 

anchovy hydrolysate (A) and giant squid hydrolysate (GS) presented a much higher 

fraction of small peptides (<0.5 kDa) and a lower fraction of peptides with a molecular 

weight ranging 2-6 kDa (Figure 15). This suggests that a hydrolysate rich in free 

amino acids, di and tripeptides (40% <0.5 kDa), when included at a 10% level, is a 

suitable protein source to be used as an exclusive microdiet for gilthead seabream 

larvae from 40 to 65 DAH.        

 

In addition to the molecular weight of the dietary protein fraction, the amino 

acid profile may also have an effect on the performance of larvae, because dietary 

unbalances in AA have been reported to have major implications for larval growth 

and development (Aragão et al., 2007; Canada et al., 2016; Saavedra et al., 2017). A 

comparative analysis of the experimental diets shows that the best performing diet 

(diet A, with the anchovy hydrolysate) exhibits some distinctive features (Erro! A 

origem da referência não foi encontrada.). In comparison to diet FFBP and 

expressed on a relative basis, diet A shows a 24% higher levels of arginine (Arg) and 

threonine (Thr), 45% higher levels of phenylalanine (Phe) and tyrosine (Tyr), and 35% 

lower levels of aspartic acid (Asx) and glutamic acid (Glx). Although, none of the diets 

is allegedly deficient in essential amino acids, knowledge on the potential growth 

promoting effects of these specific amino acids when used “beyond requirement 

levels” is still incipient (Saavedra et al., 2010). Moreover, differential absorption and 

selective catabolism of individual amino acids (Saavedra et al., 2008, 2009a) may 

reduce or amplify the impact of the dietary unbalances on amino acid losses and 

require a correction for the bioavailability of the individual AA (Conceição et al., 

2003). 

 

While comparing the best performing diet (diet A, with the anchovy 

hydrolysate) with all other diets, we also found that diet A presented a much higher 

content (40-55%) of taurine, an amino sulfonic acid, that has been often reported as 
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a conditionally essential nutrient for several marine fish. Dietary taurine 

supplementation was found to increase Senegalese sole larval growth, 

metamorphosis success and amino acid retention, whereas in gilthead seabream the 

effect of taurine supplementation seems to be controversial. Pinto et al. (2010) 

reported no enhanced growth whereas Izquierdo et al. (2019) found that elevated 

levels of taurine enhanced growth and improved the utilization of dietary lipids in 

gilthead seabream larvae. The potential for a growth promoting effect of high dietary 

taurine levels in microdiets for marine larvae fish is worth further studies.  

 

The dietary peptide composition of the diet has been found to modulate the 

skeletogenesis process in fish larvae (Boglione et al., 2013b). The use of low 

molecular weight protein hydrolysates rather than intact protein sources has been 

associated to a decrease in the appearance of skeletal deformities in seabass 

(Zambonino Infante et al., 1997; Cahu et al., 1999) and gilthead seabream (Gisbert 

et al., 2012) larvae. Some authors suggested that an enhancement on intestinal 

maturation and consequently a more efficient digestion of nutrients contributed to a 

better development of the skeleton (Cahu et al., 2003). In addition to the molecular 

weight of dietary proteins, the amino acid profile of the feed has also been described 

as having an effect on the skeletal development of fish (Akiyama et al., 1986; Choo 

et al., 1991; Gisbert et al., 2012; Saavedra et al., 2009, 2010; Tacon, 1992). However, 

only few studies have evaluated the role of specific amino acids, as an isolated factor, 

in skeletogenesis. In white seabream, fed rotifers enriched with microencapsulated 

diets supplemented with either lysine, tyrosine or tryptophan did not affect the 

frequency and type of skeletal deformities, whereas supplemental phenylalanine 

decreased the percentage of vertebral compressions in the trunk region of the 

vertebral column (Saavedra et al., 2009a, 2010). Additionally, Gisbert et al. (2012) 

suggested that leucine, phenylalanine and valine had an important role in the 

skeletogenesis process. In our study, none of the diets tested with different peptide 

weight composition and amino acids profile affected the incidence rate of skeletal 

malformations in gilthead seabream larvae. Research on mammalian systems, 

suggests that several amino acids may play a role in bone health, principally through 

improved production of insulin and insulin‐like growth factor 1, an important 

mediator of osteoblastic activity, synthesis of collagen and a proper development of 

the extracellular bone matrix (Jennings et al., 2016). Further studies on the 

mechanisms underlying the role of dietary proteins on the modulation of 

skeletogenesis in fish are needed. 
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 The overall results of this study suggest that anchovy and giant squid hydrolysates, 

rich in free amino acids, di and tripeptides (40% <500 Da), when included at a 10% 

level, are suitable protein sources to be used in microdiets for gilthead seabream 

larvae. Their use has resulted on a significant somatic gain, without any detrimental 

effects on the digestive capacity or skeletal development of larvae. While assessing 

the role of dietary protein hydrolysates, future studies should also comprise a 

detailed characterization of effects on the gut microbiome, health and immunity 

resistance, stress coping mechanisms and long-term epigenetic modifications. 
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IV.1.1. Effect of trace minerals and B vitamins on the 

proliferation/cytotoxicity and mineralization of a gilthead seabream 

bone-derived cell line 

 

Introduction 

 The aquaculture industry is tasked with the production of healthy, fast 

growing fish larvae and juveniles with high survival rates and a skeleton free from 

malformations. The majority of marine fish produced under intensive rearing 

conditions are known to be affected by a high incidence of skeletal anomalies in early 

developmental stages (Boglione et al., 2013a). Amongst other factors, nutrition has 

a key role in skeletogenesis (Lall and Lewis-McCrea, 2007) and the degree of fish 

larval ossification is often considered as a good indicator of larvae quality. In this 

regard, dietary imbalances of nutrients such as vitamins (e.g. A and D) and certain 

minerals (e.g. manganese and zinc) can lead to an increase of skeletal anomalies and 

a decrease in ossification (Boglione et al., 2013b). Despite the progress made in 

recent years, there are still areas of marine fish larvae nutrition where knowledge is 

very scarce, in particular regarding nutritional requirement in micronutrients. High 

mortality rates, a poor control of feed intake, the ability of larvae to absorb certain 

nutrients via the surrounding water, the leaching of water soluble nutrients from feed 

and changeable nutrient requirements at different developmental stages are some of 

the factors that make the study of larval fish nutrition complex. In this regard, 

micronutrient requirements in marine fish larvae have been largely extrapolated from 

data generated in juvenile or adult fish, which is probably wrong since larvae have 

extremely high growth rates and undergo a series of morphological, physiological 

and metabolic changes that can dramatically condition their nutritional requirements. 

  

 Although they are essential to aquatic animals for a variety of biological 

processes such as skeletal structure, electron transfer, acid-base equilibrium, 

osmoregulation, enzymatic activities, immune competence and basic metabolic 

functions (Watanabe et al., 1997; Lall, 2002; Dai and Koh, 2015), trace minerals and 

water-soluble vitamins have been somehow overlooked in fish nutrition research 

studies. Copper is essential for all animals including fish, as it is a vital component 

of several enzymes involved in cellular energy production (cytochrome C oxidase), 

protection of cells from free radical damage (superoxide dismutase), collagen 

synthesis (lysyl oxidase), brain neurotransmitters (dopamine hydroxylase and 
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peptidyl α-amidating monooxygenase), and melanin production (tyrosinase) (Lall, 

2002; NRC (National Research Council), 2011c). Manganese functions as a cofactor 

activating many enzyme systems (kinases, transferases, hydrolases, decarboxylases, 

superoxide dismutase), taking part in amino acid, protein, glucose and fatty acid 

metabolism, as well as the antioxidant system (Lall, 2002; NRC (National Research 

Council), 2011c). Manganese is widely distributed in fish and animal tissues, although 

the highest concentration is found in bone (Lall, 2002). Zinc regulates many metabolic 

processes related to carbohydrate, lipid, and protein metabolism through its action 

as a cofactor in several enzymes. Zinc is an integral constituent of many 

metalloenzymes, including carbonic anhydrase, alkaline phosphatase, alcohol 

dehydrogenases, superoxide dismutase, ribonuclease and DNA polymerase (Lall, 

2002; NRC (National Research Council), 2011c). Additionally, zinc is active in the 

synthesis of proteins and activation of DNA and RNA through zinc finger proteins as 

well as playing a role in prostaglandin synthesis and antioxidant defences (Dermience 

et al., 2015). Thiamine, in the active form thiamine pyrophosphate, is an important 

cofactor for enzymes involved in the metabolism of carbohydrates, lipids and amino 

acids, and in the synthesis of neurotransmitters. It is also essential for a number of 

important enzymatic steps in energy production, including both decarboxylation and 

transketolase reactions that occur in the cytoplasm of cells (Halver, 2002a; NRC 

(National Research Council), 2011c; Dai and Koh, 2015). Pyridoxin, which in animal 

tissues is converted into the active form pyridoxal phosphate, is involved as a cofactor 

in enzymatic reactions involving amino acids, such as transamination, 

decarboxylation and dehydration. It is also involved in the synthesis of collagen, 

nucleic acids, porphyrins, neurotransmitters, glycogen catabolism, fat metabolism 

(especially essential fatty acids), synthesis of messenger RNA and in the functioning 

of the immune system (Halver, 2002a; NRC (National Research Council), 2011c; Dai 

and Koh, 2015). 

  

 The relationship between skeletogenesis and trace dietary elements, such as 

copper, manganese, zinc and B vitamins has been studied in mammals but very 

poorly in developing fish (Palacios, 2006; Gansner et al., 2007; Nguyen et al., 2008; 

Dai and Koh, 2015; Izquierdo et al., 2016; Terova et al., 2018). A current practice in 

the aquatic feed industry is to supplement feeds with trace minerals in the form of 

inorganic salts, which have the advantage of being cost effective but suffer from low 

levels of availability to the animal. Amino acid-chelated (organic) minerals have been 

successfully used in terrestrial animals, and in some fish species, show higher 
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bioavailability than inorganic forms (Paripatananont and Lovell, 1997; Apines-Amar 

et al., 2004; Katya et al., 2016) and promote mineralization and stress resistance 

(Izquierdo et al., 2016). Potentially, the use of organic minerals with higher 

bioavailability may allow lower supplementation and reduce waste from 

unassimilated minerals. To better understand the action of the above mentioned 

essential dietary components on fish bone mineralization, we propose to evaluate the 

mineralogenic potential of copper, manganese and zinc in inorganic salt form 

(sulphates) or organic form (glycine chelates) as well as thiamine (vitamin B1) and 

pyridoxine (vitamin B6), by using an in vitro cell system developed from vertebra of 

gilthead seabream Sparus aurata (Pombinho et al., 2004), an important species for 

aquaculture in the Mediterranean region. 

 

Materials & Methods 

Minerals and vitamins 

Copper, manganese and zinc sulphates (CuSO4.5H2O, MnSO4.H2O and 

ZnSO4.7H2O) as well as thiamine-HCl and pyridoxine-HCl were purchased from Sigma-

Aldrich. Organic forms (glycine chelates) of copper, manganese and zinc (B-Traxim, 

Pancosma; CuBT, MnBT and ZnBT) were kindly provided by WISIUM Portugal. Stock 

solutions of variable concentrations were prepared in double distilled water and 

filtered on a 0.2-µm PES syringe filter. Stock solutions were kept at 4ºC protected 

from the light until used. 

 

Cell culture 

Gilthead seabream bone derived cell line (VSa13) was maintained in Dulbecco’s 

modified Eagle medium (DMEM) supplemented with 1% penicillin-streptomycin, 0.2% 

fungizone, 2 mM L-glutamine and 10% fetal bovine serum (FBS) and incubated at 33ºC 

in a 10% CO2-humidified atmosphere as described by Pombinho et al. (Pombinho et 

al., 2004). Confluent cultures were sub-divided (1:3) every 3-4 days using trypsin-

EDTA solution. Cell culture reagents and dishes were from Invitrogen and Sarstedt, 

respectively. 

 

Cell proliferation/cytotoxicity assay 

Cells were seeded in 96-well plates at a density of 1.5 × 10
3

 cells per well. After 

24 h, culture medium was replaced with fresh medium (control), medium 

supplemented with trace minerals in sulphated or chelated forms (copper ranging 
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from 1.6 to 1666 ppm; manganese ranging from 0.4 to 200 ppm; zinc ranging from 

4.7 to 1200 ppm) or medium supplemented with vitamins (thiamine ranging from 25 

to 200000 ppm; pyridoxine ranging from 5 to 40000 ppm). The range of mineral and 

vitamin concentrations used were based on tissue, bone and circulating plasma levels 

found in fish (Halver, 2002a; Prabhu et al., 2014; Domínguez et al., 2017). Medium 

was renewed every second day. Cell proliferation was determined after 6 days of 

treatment (before culture became confluent) using the Cell Proliferation Assay XTT 

(AppliChem).  

 

Extracellular matrix (ECM) mineralization 

ECM mineralization was induced in confluent cell cultures and quantified after 

2 weeks of treatment by alizarin red S staining as previously described (Viegas et al., 

2012). Mineralogenic effect of trace minerals and B vitamins was assessed by 

supplementing culture medium with CuSO4 or CuBT (6.3 to 50 ppm), MnSO4 or MnBT 

(0.3 to 3.1 ppm), ZnSO4 or ZnBT (2.3 to 18.8 ppm), thiamine (100 to 1000 ppm) or 

pyridoxine (20 to 1600 ppm).  

 

Statistical analysis 

 Statistical analysis was performed using Prism version 5.0 (GraphPad Software). 

Means ± standard deviation were calculated from two independent experiments, each 

with quadruplicate wells, for the proliferation/cytotoxicity assay and from 

quintuplicate wells for the mineralization assay. In both assays, differences among 

vitamin and mineral doses were analysed by one-way ANOVA followed by Dunnett’s 

multiple comparison test (unsupplemented cells were used as control) and a P<0.05 

was considered significant. To compare the effect of different forms of mineral on 

proliferation/cytotoxicity, a dose-response curve was plotted (a sigmoid curve was fit 

using nonlinear regression) and the overlap between the 95% confidence intervals for 

the log transformed LD50 (dose that reduces cell viability by 50%) parameter (inflexion 

point of each curve) was evaluated. Differences in ECM mineralization by different 

mineral doses and forms were also tested by two-way ANOVA followed by Bonferroni 

post-tests, where effects of “mineral form”, “mineral dose” and interaction of “mineral 

form*dose” were examined and a P<0.05 was considered significant. 
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Results & Discussion 

 While the ultimate goal of the research done with in vitro cell systems is the 

extrapolation of the results to in vivo systems, it is important to keep in mind that in 

vitro and in vivo systems may have distinct needs for nutrients as the complexity of 

the cellular environment is different but also because dietary nutrient interactions or 

hormonal and physiological state of an in vivo model cannot be represented in vitro. 

It is also important to emphasize the absence of research performed in the area of 

nutrition using fish bone derived cell cultures which further hinders the comparison 

of this work with previous reports. Still, performing in vitro work to complement in 

vivo nutritional studies in fish helps to reduce animal experimentation and refine our 

knowledge into cell specific mechanisms. 

 

Copper 

The effect of copper, in both sulphated and chelated form, on the 

proliferation/cytotoxicity of VSa13 cells is shown in Figure 24a. When compared to 

the control condition, CuSO4 and CuBT supplementation did not affect cellular 

proliferation at concentrations ranging from 1.6 to 50 ppm, but it triggered a 

cytotoxic effect causing 100% cell death at 100 ppm and higher concentrations. LD50 

values for CuSO4 and CuBT were 67.4 and 69.5 ppm, respectively. The effect of trace 

mineral supplementation on cell cultures derived from fish bone has not been 

previously studied but Tan et al. (2008) reported LC50 values ranging from 11 to 61,6 

ppm for copper (supplemented as CuSO4.5H2O) in a wide selection of fish cell lines 

i.e. GCF (grass carp fins), CIK (Ctenopharyngodon idellus kidney), EPC (epithelioma 

papulosum cyprini), CCO (channel catfish ovary), BB (brown bullhead caudal trunk) 

and FHM (fathead minnow muscle). LD50 values for copper in VSa13 cells appear to be 

higher than those observed for other fish cell lines and this observation could be 

related to fish species specific differences: data from in vivo nutritional trials have 

shown that dietary toxicity of copper (as CuSO4) was induced with feed containing 

>40 ppm for channel catfish fingerlings, 34-467 ppm for Atlantic salmon, depending 

on the life stage, and 730 ppm in rainbow trout fry (Clearwater et al., 2002) and in 

fingerling gilthead seabream dietary contents of 11–32 ppm of CuSO4 negatively 

affected performance by reducing fish growth, increasing oxidative risk and inducing 

hepatic damage and cholestasis (Domínguez et al., 2019). These data demonstrate 

that, as for in vitro data, dietary copper toxicity in vivo is highly variable and depends 

on the species but also on the developmental stage of fish. Tissue and cell specific 
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differences could also explain the higher LD50 in VSa13 bone-derived cells as bones 

are known to contain considerably higher amounts of copper when compared to 

whole body content, e.g. 22 vs. 0.34 ppm in gilthead seabream fingerling 

(Domínguez et al., 2019). Similarly, the cellular requirement and/or tolerance of 

micronutrients depends on the origin of the cell and its role in vivo (bone, liver, other) 

as well as cell type (primary, immortalized, tumour, or normal) (Arigony et al., 2013). 

Therefore, the higher tolerance of VSa13 to elevated copper levels may be related to 

their bone origin and/or their immortalized status. To get more insights into whether 

the high tolerance of VSa13 cells to copper is due to species, tissue or cell specific 

differences, LD50 should be determined in non-bone gilthead seabream cell lines or 

primary cultures of bone-cells. Ultimately, data from previous reports and our results 

suggest that copper cytotoxic effect in fish cells is not dependent on its form 

(chelated vs. inorganic) but is dependent both on the dose and type of cells. 

 

Non-toxic concentrations of CuSO4 and CuBT were then assessed for their 

capacity to affect ECM mineralization (Figure 24b). All the concentrations tested – 

6.3, 12.5, 25 and 50 ppm – significantly increased ECM mineralization (P<0.0001) by 

135, 155, 193 and 147% for CuSO4 and 165, 197, 208 and 216% for CuBT, 

respectively. Although it has been reported that medium supplementation of 0.8 ppm 

of CuSO4 resulted in inhibition of osteogenesis of primary cultures of rat bone marrow 

mesenchymal stem cells (Li et al., 2014), other studies indicate a beneficial effect of 

copper on in vitro mineralization. In human bone marrow derived mesenchymal stem 

cell cultures, supplementation of medium with CuSO4 at concentrations ranging from 

8–48 ppm stimulated the activity of alkaline phosphatase (ALP), the expression of 

osteoblast marker genes (osteopontin, osteoprotegerin and type I collagen), and 

matrix mineralization (Burghardt et al., 2015). Similarly, calcium phosphate 

deposition was increased by 1.8 to 2 times in human mesenchymal stem cells 

cultured in osteogenic culture medium supplemented with copper-histidine, 

providing the medium with 0.3 ppm of copper (Rodríguez et al., 2002). The pro-

mineralogenic effect of copper may be related to a stimulation of the lysyl oxidase 

activity. The lysyl oxidase is a copper-dependent enzyme that catalyses the oxidative 

deamination of lysine residues in the tropoelastin and tropocollagen during collagen 

crosslinking (Lall, 2002; Dai and Koh, 2015), and therefore plays a key role in the 

formation of the collagen matrix deposited by osteoblast (Hong et al., 2004). In a 

biomedical zebrafish model, Gansner et al. (2007) have demonstrated that the 

impairment of the lysyl oxidase function and the chemically induced copper 
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deficiency resulted in the distortion of the notocord, a critical structure required for 

vertebral column patterning in vertebrates. Although this needs to be demonstrated, 

the pro-mineralogenic effect of copper in VSa13 cell cultures may be related to 

enhanced cell differentiation and/or collagen maturation that would result in an 

extracellular matrix more susceptible to mineralization. Mineralization data also 

suggested that the chelated form of copper is more efficient in promoting ECM 

mineralization than the sulphated form (two-way ANOVA P=0.0009). In vitro data on 

the effect of chelated versus inorganic minerals are lacking in the literature, especially 

in fish-based models, but in vivo studies in juvenile rainbow trout, rockfish and 

channel catfish have evidenced the higher bioavailability of chelated minerals (Apines-

Amar et al., 2004; Katya et al., 2016) and an enhanced mineralization and stress 

resistance in gilthead seabream larvae (Izquierdo et al., 2016). The better 

performance of CuBT vs. CuSO4 in augmenting ECM mineralization may be related to 

differences in solubility, bioavailability, pH stability, and/or to interference in 

chemical reactions or absorption pathways (Ashmead and Zunino, 1993).  

 

 

Figure 24. Effect of copper on VSa13 relative cell number (a) and ECM mineralization 

(b). a– Proliferating cells were incubated for 6 days with copper sulphate (CuSO4) or 

copper chelate (CuBT) at various concentrations. Cell number was normalized to 

control cells (0 ppm of copper) and data is shown as mean + standard deviation. b– 

Cells at confluence were incubated with mineralizing medium supplemented with 

non-toxic concentrations of copper sulphate (CuSO4) or copper chelate (CuBT). ECM 

mineralization was normalized to control cells (Ct; 0 ppm of copper) and data is 

shown as mean + standard deviation. Text insert contains results for the two-way 

ANOVA analysis. 

 

Manganese 
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An inhibition of VSa13 cell proliferation by manganese, in both sulphated and 

chelated form, was observed at concentrations over 3.1 ppm (Figure 25a) and the 

effect was more severe (>50% inhibition) for concentrations higher than 6.3 ppm, 

suggesting a cytotoxic effect. The LD50 for MnSO4 and MnBT were 20.9 and 29.8 ppm, 

respectively. These results are in agreement with previous studies that demonstrated 

the inhibition of human MG-63 osteoblast proliferation by MnCl2 at concentrations of 

6.25–12.5 ppm but not by 1.25–3.8 ppm (Hallab et al., 2002; Lüthen et al., 2007). 

Our results, taken together with the available literature, suggests that the cytotoxic 

effect of manganese in cultured cells is dependent on the dose but not on the species 

that originated the cell line or the form of manganese supplemented. As for copper, 

no differences were observed in the proliferative response of VSa13 cells to sulphated 

and chelated manganese (P>0.05). 

 

Increasing doses of manganese in the culture medium significantly enhanced 

ECM mineralization of VSa13 cells (P<0.0001) by 48.1, 64.3 and 63.5% for MnSO4 and 

57.2, 57.1 and 82.0% for MnBT at 0.8, 1.6 and 3.1 ppm, respectively (Figure 25b). 

These results are in agreement with published data reporting the stimulation of 

several bone markers – i.e. the expression of ALP and bone morphogenetic protein 

(BMPs) genes (Miola et al., 2014) and the production of osteocalcin (a maker of mature 

osteoblasts) (Bracci et al., 2009) – when human osteoblast-like cells (MG-63) are 

grown on substrates that contain manganese. Although the basic mechanistic role of 

manganese in fish bone metabolism is not well characterized, in mammals, Mn-

dependent enzymes (glycosyltransferase, xylosyltransferase, phosphohydrolase and 

phosphotransferase) are known to be essential for the synthesis of proteoglycans, 

key components of the extracellular matrix (Dermience et al., 2015). Moreover, in 

vivo studies with fingerling stinging catfish have shown that increasing dietary 

manganese (as MnSO4.H2O), from 1.85 to 7.68 ppm, led to an increase in hepatic Mn-

SOD activity and whole body and vertebrae mineralization (Zafar and Khan, 2019). 

Mn-SOD acts by removing reactive oxygen species (ROS), which in turn can favour 

bone formation over resorption by modulating osteoclastogenesis (Callaway and 

Jiang, 2015) and osteoblast mediated mineralization (Arai et al., 2007). Unlike 

copper, the mineralogenic effect of manganese was similar for both the sulphated 

and chelated forms (P=0.357). A possible explanation may be related to the low 

stability of the manganese chelate (Murphy and Martell, 1957) that would lead to, 

when in solution, similar dissociation behaviours of MnSO4 and MnBT, defeating the 

intended purpose of mineral chelation and making MnBT as bioavailable as MnSO4.  
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Figure 25. Effect of manganese on VSa13 relative cell number (a) and ECM 

mineralization (b). a– Proliferating cells were incubated for 6 days with manganese 

sulphate (MnSO4) or manganese chelate (MnBT) at various concentrations. Cell 

number was normalized to control cells (0 ppm of manganese) and data is shown as 

mean + standard deviation. b– Cells at confluence were incubated with mineralizing 

medium supplemented with non-toxic concentrations of manganese sulphate (MnSO4) 

or manganese chelate (MnBT). ECM mineralization was normalized to control cells 

(Ct; 0 ppm of manganese) and data is shown as mean + standard deviation. Text 

insert contains results for the two-way ANOVA analysis. 

 

Zinc 

When compared to control cells, the proliferation of cells exposed to 9.4 and 

18.8 ppm of ZnSO4 increased by 16.4 and 9.5% (P<0.001), respectively (Figure 26a), 

suggesting a positive effect of zinc on cell proliferation, while significant cytotoxicity 

was observed at 37.5 ppm and higher concentrations. The LD50 for ZnSO4 and ZnBT 

were 42.7 and 37.1 ppm, respectively. Our results are similar to those reported in 

cultured channel catfish ovary cells, where proliferation increased by 12% when cells 

were supplemented with 1.36 ppm of ZnCl2 while 4 to 21 ppm had a toxic effect on 

six established fish cell lines derived from various fish and various tissues (Tan et al., 

2008). Although the range of toxic concentrations observed in fish cell lines is wide, 

it appears that the gap between toxic and beneficial doses of zinc to fish cells is 

narrow. In this study, ZnBT at 9.4 ppm, but not 18.8 ppm increased cellular 

proliferation (13.7%), while significant cytotoxicity was observed at 37.5 ppm and 

higher concentrations. When compared to ZnSO4, a slightly higher toxicity was 

observed for ZnBT at 37.5 ppm, although differences were not statistically different 

when the overall dose-response curves were considered (P>0.05). This higher toxicity 

of ZnBT may be the consequence of a higher bioavailability of chelated zinc. 
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The mineralogenic potential of zinc was assessed in VSa13 cell cultures 

exposed to different doses of ZnSO4 or ZnBT (Figure 26b). At 4.7, 9.4 and 18.8 ppm, 

ZnSO4 increased ECM mineralization by 73.6, 80.3 and 87.9% (P<0.0001), 

respectively. At 2.3, 4.7 and 9.4 ppm, ZnBT increased ECM mineralization by 47.2, 

53.5 and 48.2%, respectively. In agreement with our result, ZnSO4 at 3.2 ppm has 

been shown to promote the expression of osteocalcin in mouse MC3T3-E1 osteoblast 

cell line (Nagata and Lönnerdal, 2011). A proposed mechanism by which zinc 

stimulates bone growth is through the activation of the aminoacyl-tRNA synthetase 

in osteoblastic cells and the consequent stimulation of cellular protein synthesis 

(Yamaguchi, 1998). The form of the zinc supplemented to the culture medium 

strongly influenced ECM mineralization (P<0.0009) and the absence of a pro-

mineralogenic effect when ZnBT was supplemented at 18.8 ppm could be associated 

to a borderline overload effect (due to the suggested increase of bioavailability of 

mineral chelates). In fact, exogenous zinc may have inhibitory effects on in vitro 

mineralization by acting as an endogenous regulator of calcium uptake binding to 

calcium binding sites within matrix vesicles with high affinity (Sauer et al., 1989). 

MC3T3-E1 cells supplemented with 8 and 16 ppm (Togari et al., 1993) of ZnSO4 were 

shown to have impaired calcium accumulation, although ALP activity was unaltered 

or even increased, and ZnCl2 has been shown to inhibit the deposition of amorphous 

calcium phosphate at concentrations less than 13.5 ppm in chick chondrocytes 

(LeGeros et al., 1999). In vivo studies have demonstrated that dietary zinc plays a 

critical role in the skeletal development of fish larvae of several species (Hamre et al., 

2013) and in red seabream larvae, zinc supplementation (zinc enriched Artemia) 

efficiently lowered the incidence of malformations in dorsal fin rays.  
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Figure 26. Effect of zinc on VSa13 relative cell number (a) and ECM mineralization (b). 

a– Proliferating cells were incubated for 6 days with zinc sulphate (ZnSO4) or zinc 

chelate (ZnBT) at various concentrations. Cell number was normalized to control cells 

(0 ppm of zinc) and data is shown as mean + standard deviation. b– Cells at 

confluence were incubated with mineralizing medium supplemented with non-toxic 

concentrations of zinc sulphate (ZnSO4) or zinc chelate (ZnBT). ECM mineralization 

was normalized to control cells (Ct; 0 ppm of zinc) and data is shown as mean + 

standard deviation. Text insert contains results for the two-way ANOVA analysis. 

 

Thiamine  

Thiamine had no effect on cellular proliferation at 25 to 1000 ppm, but it 

inhibited proliferation of VSa13 cells by 16% at 5000 ppm and killed all the cells at 

200000 ppm (Figure 27a). A LD50 of 6273 ppm was calculated for thiamine. To our 

knowledge the toxic effect of thiamine has never been assessed in vitro but a lethal 

effect of an injection of 100000 ppm of thiamine hydrochloride has been observed 

in a rabbit model (Haley and Flesher, 1946). The effect that dietary B-complex 

vitamins have on aquatic animals are not fully known and there is a large gap between 

historical fish requirement experiments and experiments with other species 

conducted under modern intensive incubation and farming conditions (Waagbø, 

2010). 

 

When thiamine was supplemented to the culture medium at 100, 200 and 500 

ppm, ECM mineralization increased by 83.1, 121 and 81.7% (P<0.001; Figure 27b). 

No statistical difference was found in ECM mineralization between control cells and 

cells supplemented with 1000 ppm of thiamine. Information on the role of thiamine 

in bone metabolism is minimal (Dai and Koh, 2015) but it has been reported that 

thiamine deficient rats presented a decrease in collagen synthesis, lysyl oxidase 
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activity and in the ratio of type III/I collagen in skin, suggesting a role in the regulation 

of collagen production (Alvarez and Gilbreath, 1982). Vitamin deficiencies tend to 

decrease collagen synthesis and to alter the type and mechanical properties of the 

collagen produced but regulation of collagen metabolism is complex and factors 

other than a direct regulation of thiamine on collagen synthesis might be involved 

(Mccormick, 1989). Besides a possible improvement of the overall status of VSa13 

cells, a probable stimulation of collagen production as a result of thiamine 

supplementation may explain the enhanced ECM mineralization, although this 

remains to be demonstrated (e.g. by Sirius red staining of the collagen fibres). 

Although 1000 ppm of thiamine did not seem to be toxic to VSa13 cells, the decrease 

of ECM mineralization of cells supplemented with 1000 ppm of thiamine might be 

linked to a state of hypervitaminosis. 

 

Figure 27. Effect of thiamine on VSa13 relative cell number (a) and relative ECM 

mineralization (b). a– Proliferating cells were incubated for 6 days with thiamine at 

various concentrations. Cell number was normalized to control cells (0 ppm of 

thiamine) and data is shown as mean + standard deviation. b– Cells at confluence 

were incubated with mineralizing medium supplemented with non-toxic 

concentrations of thiamine. ECM mineralization was normalized to control cells (Ct; 

0 ppm of thiamine) and data is shown as mean + standard deviation. * Indicates a 

significant difference (P<0.05) against control. 

 

Pyridoxine  

The supplementation of VSa13 cell culture medium with 5 to 1600 ppm of 

pyridoxine did not alter cellular proliferation (although 160 ppm slightly increased 

cell proliferation by 15.1%), while 16000 and 40000 ppm of pyridoxine clearly had a 

cytotoxic effect, inhibiting cellular proliferation by 67.4 and 100%, respectively 
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(Figure 28a). A LD50 of 14226 ppm was calculated for pyridoxine. No data have been 

reported yet on a proliferative and/or cytotoxic effect of pyridoxine on fish in vitro 

cell systems but: 1 ppm of pyridoxine increased cell death of a human neuronal cell 

line (SHSY5Y) but did not alter the viability of a human intestinal cell line (CaCo-2) 

(Vrolijk et al., 2017), 1000 ppm almost completely inhibited the growth of human 

liver cancer (Molina et al., 1997) and rat cancer (DiSorbo and Litwack, 1981) cell lines, 

and 2000 ppm induced cell death (DiSorbo and Litwack, 1981). The cytotoxic effect 

of pyridoxine appears to be cell specific and the higher LD50 measured for the VSa13 

cells indicates that they may be better equipped than other cell types to handle 

pyridoxine toxicity. It has been suggested that the anti-proliferative effect of 

pyridoxine may be related to an inhibition of protein synthesis that would result from 

its binding to protein components of the cell division apparatus as well as to 

transcription factors related to albumin expression, therefore inhibiting cell 

proliferation (Molina et al., 1997).  

 

While supplementation of 20 ppm did not alter ECM mineralization, 40, 60 and 

1600 ppm of pyridoxine increased ECM mineralization by 63.4, 123 and 461% 

(P<0.001), respectively (Figure 28b). Vitamin B6 at concentrations up to 1 ppm failed 

to alter ECM mineralization of a primary culture of  human osteoblasts (Herrmann et 

al., 2007) but this lack of effect may be related to the low doses used, i.e. five times 

lower than the lowest dose tested in this study, which had no mineralogenic effect. 

As for copper, pyridoxine may influence ECM mineralization through its effect on 

collagen synthesis by way of altered lysyl oxidase activity, as chick in vitro models 

have evidenced the role of pyridoxine as a cofactor in the activity of this enzyme and 

as a possible substrate of alkaline phosphatase during bone formation (Murray and 

Levene, 1977; Fedde et al., 1988). In a rat model, pyridoxine deficiency increased 

bone cavities and reduced new bone formation (Dodds et al., 1986). In this study, the 

authors proposed a role for pyridoxine in the coupling between osteoblasts and 

osteoclasts, where calcification depends on periosteal glucose 6-phosphate 

dehydrogenase (G6PD) activity, which is induced by putrescine, a compound derived 

from a pyridoxine-dependent enzyme, the ornithine decarboxylase. The 

mineralogenic effect of pyridoxine in VSa13 further evidenced the important role of 

vitamin B6 in bone mineralization and validated fish bone cells as a suitable system 

to investigate the mechanisms underlying this effect but also to approach the dose 

for an optimal nutritional requirement. 
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Figure 28. Effect of pyridoxine on VSa13 relative cell number (a) and relative ECM 

mineralization (b). a– Proliferating cells were incubated for 6 days with pyridoxine at 

various concentrations. Cell number was normalized to control cells (0 ppm of 

pyridoxine) and data is shown as mean + standard deviation. b– Cells at confluence 

were incubated with mineralizing medium supplemented with non-toxic 

concentrations of pyridoxine. ECM mineralization was normalized to control cells (Ct; 

0 ppm of pyridoxine) and data is shown as mean + standard deviation. * Indicates a 

significant difference (P<0.05) against control. 

 

Conclusions 

Our results show that copper, manganese, zinc, thiamine and pyridoxine are 

effectors of a fish bone cell line, altering proliferation and/or survival and cell 

mediated mineralization. The proliferative/cytotoxic effects of trace minerals are 

dose dependent (LD50 values for Cu, Mn and Zn are 67.4–69.5, 20.9–29.8 and 37.1–

42.8 ppm, respectively) and apparently independent of the form of mineral used 

(chelated vs. inorganic minerals). The proliferative/cytotoxic effects of water-soluble 

B vitamins are also dose dependent and were only observed at high doses in VSa13 

bone cells (LD50 values for thiamine and pyridoxine were 6273 and 14226 ppm, 

respectively). All minerals and vitamins enhance VSa13 ECM mineralization in a dose 

dependent manner and, for copper and zinc, in a form dependent manner. The 

cellular response to mineral and vitamin supplementation may depend on the cell 

type – bone cells may be more resilient that other cell types – but also on the species 

at the origin of the cell lines. To improve the knowledge regarding the effect that 

mineral and vitamin nutrition has on tissue mineralization and bone formation, it 

would be therefore interesting to test bone-derived cell systems from different 

species that possess different types of bone, e.g. bone derived cell cultures exist for 
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species that have cellular (Atlantic salmon and brown bullhead), acellular (gilthead 

seabream and bluegill) and even a mixture of both bone types (zebrafish) (Rafael et 

al., 2010). Because the nutrients tested individually in this study may interact with 

other compounds/nutrients in a synergistic or antagonistic manner, assessing the 

effect of nutrient mixtures on cell proliferation/cytotoxicity and ECM mineralization 

may also provide insightful information.  

 

Although fish nutritional requirements for certain dietary trace minerals and 

vitamins (Cu: 3–6.5 ppm; Mn: 2.4–18.4 ppm; Zn: 15–64 ppm; thiamine: 0.5–15 ppm; 

pyridoxin: 1–20 ppm (NRC (National Research Council), 2011c)) are lower than the 

amounts provided in typical fish feeds (Cu: 5–18 ppm; Mn: 32–36 ppm; Zn: 50–

130ppm; thiamine: 60 ppm; B6: 40ppm), when considering factors such as 

manufacturing and storage losses, bioavailability, nutrient interactions and leaching 

into water, to name a few, the effective amount of minerals and vitamins supplied to 

fish by feed is expected to be considerably lower than the cytotoxic concentrations 

found in this study.  

 

This work also demonstrates the suitability of fish bone derived in vitro cell 

systems to obtain insights into mineralization-related effects of trace minerals and B 

vitamin supplementation and eventually to evaluate the effects that the 

supplementation of these nutrients has on bone development in fish and larval fish 

nutritional trials.  
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Chapter IV – Premix optimization  

 

 

IV.2. In Vivo studies  

 

IV.2.1. Minerals 

 

IV.2.1.1. Effect of lowering the dietary calcium:phosphorus ratio on 

growth and bone status of Senegalese sole (Solea senegalensis)         

post-larvae 
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IV.2.1.1. Effect of lowering the dietary calcium:phosphorus ratio on 

growth and bone status of Senegalese sole (Solea senegalensis)        

post-larvae  

 

Introduction 

        Some of the major drawbacks that the marine aquaculture industry faces today 

are the high mortality rates and high incidence of skeletal anomalies associated to 

the production of fish larvae and juveniles, under intensive rearing conditions 

(Boglione et al., 2013a, 2013b; Hamre et al., 2013). The nutritional optimization of 

larval feeds, as a tool to mitigate these fish welfare and production relevant factors 

has shown promising results in larval survival, growth and skeletogenesis (Lall and 

Lewis-McCrea, 2007).  

 

 Calcium (Ca) is one of the most abundant cations in the body of a fish. Ca plays 

an important role in muscle contraction, blood clot formation, nerve transmission, 

maintenance of cell membrane integrity, and activation of several important enzymes, 

but possibly the most recognized function of calcium is in bone formation and 

maintenance of skeletal tissues (Hossain and Yoshimatsu, 2014). The calcium 

required for fish growth and metabolism is met in large part by their ability to absorb 

these ions directly from the aquatic environment, unlike phosphorus that must be 

obtained by dietary means (Lall, 2002). However, Ca absorption from environmental 

water is species specific (Hossain and Furuichi, 2009) and dependent on the 

concentration of Ca in the rearing environment and availability of dietary Ca (NRC, 

2011). 

 

 Bioavailability of dietary Ca can vary depending on the amount of Ca in 

ingredients, the sources of Ca, interaction of Ca with other components of the diet 

and the specific Ca utilization capacity of the fish species (Watanabe et al., 1988). 

Todays’ microdiets for marine fish larvae are generally formulated with high levels of 

premium marine-derived ingredients, such as fishmeal, krill meal, squid meal and 

shrimp meal, which are generally rich in calcium and phosphorus (P). However, the 

Ca present in fishmeal is combined with phosphorus in the form of hydroxyapatite. 

Due to the complexity of its structure, Ca and P from hydroxyapatite can have a 

moderate availability in some fish species (NRC, 2011). Dietary Ca derived from 

fishmeal are poorly used by carp and other agastric species (Ogino, 1979) due to the 
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lack of an acidic digestion step. Additionally, dietary Ca levels and chemical forms 

may interact with the bioavailability of other essential dietary minerals such as P, 

manganese and zinc (NRC, 2011). For instance, dietary Ca supplied in the form of Ca-

lactate had no effect on the bioavailability of other minerals, whereas Ca supplied in 

the form of hydroxyapatite was found to bound some trace minerals making them 

unavailable to fish (Hossain and Yoshimatsu, 2014).  

 

 Calcium is closely linked to phosphorus utilization by fish, because Ca-binding 

protein is a carrier for both Ca and P in the intestine (Antony Jesu Prabhu et al., 2013). 

The bone matrix is an organic constituent and mainly composed of collagen, where 

inorganic minerals are deposited during the mineralization process as hydroxylated 

polymers of calcium phosphate. A negative relationship between dietary Ca content 

and bone P absorption has been reported in several species (NRC, 2011). Therefore, 

excess dietary Ca can have an antagonistic effect on the absorption of phosphorus 

and trace elements, such as zinc, iron and manganese (NRC, 2011). Although not 

clearly established as a nutritional constraint and variable among species, it is 

generally accepted that the optimal Ca:P ratio in fish feeds should be in the range of 

1:1 (Hossain and Yoshimatsu, 2014). The optimization of the dietary Ca:P ratio has 

received some attention in juvenile and grow-out fish, but little information exists on 

the relevancy of this criteria at larval stages. Recently, the dietary Ca:P ratio was found 

to be a determinant factor on the growth performance, activity of digestive enzymes 

and incidence of skeletal anomalies in pikeperch larvae (El Kertaoui et al., 2019). In 

their study, a reduction of the Ca:P ratio from 1.2 to 0.6 resulted on a significant 

enhancement of somatic growth and a decline in the incidence of kyphosis and 

pectoral element anomalies. 

 

 Senegalese sole is an economically valuable flatfish species of high interest for 

marine aquaculture mainly in Southern Europe. However, sole is highly susceptible to 

vertebral abnormalities (de Azevedo et al., 2018). As mentioned before, commercial 

microdiets for marine fish larvae are generally rich in both Ca and P, which are 

partially presented in the low bioavailable form of hydroxyapatite. In a preliminary 

trial conducted with Senegalese sole larvae during the development of the commercial 

microdiet for flatfish (WINFlat®), it was found that a reduction of the dietary Ca:P ratio 

from 1.2 to 0.7, resulted in significant growth performance gains, without 

detrimental effects on skeletal development criteria (SPAROS confidential data). In 

this context, a study was undertaken to assess if a further lowering of the dietary 
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Ca:P ratio (<0.5) could bring additional benefits on the growth performance and bone 

status of Senegalese sole post-larvae. 

 

Materials and methods 

Experimental diets 

The trial comprised two dietary treatments (Table 11). All experimental diets 

were based on a single commercial feed formulation (WINFlat®, SPAROS LDA, 

Portugal), which comprises a mineral premix with 0.4% calcium, provided in the form 

of calcium carbonate. This diet was used as control diet (CTRL) and contained 1.23% 

calcium and 1.87% total phosphorus. The second diet was identical to the control 

formulation, at the exception that 0.4% supplemental Ca carbonate was removed 

from the mineral premix (LOW Ca). This change allowed a reduction on the dietary 

Ca:P ratio from 0.66 in the CTRL diet to 0.48 in the Low Ca diet. A detailed listing of 

raw materials and additives cannot be disclosed due to industrial trade secret. 

Nevertheless, the formula contains high levels of premium marine and plant protein 

sources (>75% of combined crustacean meal, squid meal, marine zooplankton meal, 

fish hydrolysates, fishmeal, wheat gluten, pea protein concentrate and fish gelatine), 

while lipids are provided by marine oils and a vegetable lecithin source. 

 

Table 11. Proximate, vitamin and mineral composition of experimental diets. 

  CTRL LOW Ca 

Dry matter (DM), % 92.1 ± 1.3 92.1 ± 1.4 
Ash, % DM 9.0 ± 0.1 8.5 ± 0.2 
Crude protein, % DM 62.5 ± 0.2 62.5 ± 0.7 
Crude fat, % DM 18.8 ± 0.1 18.5 ± 0.0 
      
Calcium, % DM 1.23 ± 0.02 0.88 ± 0.09 
Phosphorus, % DM 1.87 ± 0.24 1.84 ± 0.36 
Ca:P ratio 0.66 0.48 

 

Diets were produced at SPAROS LDA (Olhão, Portugal). Powder ingredients 

were initially mixed according to each target formulation in a double-helix mixer, 

being thereafter ground in a micropulverizer hammer mill (SH1, Hosokawa-Alpine, 

Germany). The oils were subsequently added and after a moisturizing step, diets were 

agglomerated through low-shear extrusion (Dominioni Group, Italy). Upon extrusion, 

diets were dried in a vibrating fluid bed dryer. Dry microparticles were subsequently 

sieved to the desired size ranges (400-600 and 600-800 µm). Diets were kept at 4ºC 

until used. Samples of each diet were taken for relevant analytical characterization 

(Table 11). 
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Fish rearing and sampling 

Senegalese sole post-larvae with 20 days after hatching (DAH) originating from 

SAFIESTELA/SEA8 (Rioalto, Portugal) were reared at IPIMAR facilities (Olhão, Portugal). 

Fish were initially acclimatized to 9 white plastic trays (0.1 m
2

, 8 L), previously 

prepared with clean seawater and aeration. Trays were maintained in a semi-closed 

water recirculating system with four water renewals h
− 1

. Fish density in each tray was 

2700 larvae m
− 2

. Light intensity was 40 lx and light:dark cycles of 3:21 h were used 

to maximize feed ingestion, since Senegalese sole exhibits a pronounced nocturnal 

feeding behaviour (Navarro et al., 2009). Fish were initially fed with frozen Artemia 

previously enriched with commercial products. At 32 DAH fish were suddenly weaned 

onto a commercial control diet (WINFlat, SPAROS Lda.). At 42 DAH, the two dietary 

treatments were randomly distributed by the rearing trays in triplicate. Feeding was 

performed using automatic feeders, where the experimental diets were distributed to 

the fish in eight meals per day, each meal lasting a period of 2 h following a 1 h 

break. System water parameters were measured daily with commercial probes and 

adjusted to maintain temperature at 20 °C, oxygen saturation level above 90% and 

salinity at 35 g. L
−1

. 

At 59 DAH fish were submitted to a live calcein staining (described below). Fish 

were sampled at 42 and 74 DAH to determine dry weight (DW), relative growth rate 

(RGR) and feed conversion rate (FCR). Survival rate (SR) in each treatment was 

determined at the end of the experiment. Whole fish and vertebral columns were also 

sampled at the end of the experimental period to evaluate vertebral density, 

malformations and mineral apposition rates.  

 

Biochemical composition  

Analysis of proximate composition and minerals of feeds and/or fish were 

performed as described in Chapter II  

 

Evaluation of the mineral apposition rate (MAR) of vertebrae  

Determination of MAR in fish vertebrae was performed as described in Chapter 

II with the following details: Senegalese sole post-larvae were immersed in the calcein 

staining solution at 59 DAH.  
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Quantitative X-ray microradiograph imaging (qXRI) 

The relative mineral content (RMC) of 74 DAH Senegalese sole vertebrae was 

determined as described in Chapter II with the following details: Digital X-ray images 

of whole fish were recorded at a 30 μm/pixel resolution; The settings were: X-ray 

energy 35kV; exposure 3x45s; FOV 120; focal plane 20.  

 

Vertebral malformation scoring 

An evaluation of the degree of severity of observed vertebral column 

malformations was performed as described in Chapter II, with the following details: 

Ten fish were sampled from each replicate. 

 

Data analysis 

Results are expressed as means ± standard deviation (SD) from treatment replicates 

(n=3). Detection of mean differences between the dietary treatment and the control 

diet was tested by means of a t-test, where the significance level was p < 0.05. Data 

were previously checked for normal distribution and homogeneity of variances and 

results expressed as a percentage were based on arcsine transformed data (Ennos, 

2007). All statistical tests were performed using the GraphPad Prism software 

(Version 5.0; GraphPad Software, San Diego, CA, USA). 

 

Results 

Growth performance 

The growth performance parameters, of 74 DAH Senegalese sole post-larvae, 

including DW, SL, RGR, SR and FCR of fish fed the different dietary treatments are 

shown in Table 12. For all treatments, fish post-larvae increased their DW by, at least, 

forty-fold (initial dry weight: 0.0043g). The reduction of dietary Ca:P ration had no 

effect on survival or criteria associated to somatic growth (SL, DW, RGR) (p>0.05). 

However, sole post-larvae fed the LOW Ca diet showed a significantly reduction of 

FCR (p<0.05). 

 

 

 

 

 

 



IV – Premix optimization / In Vivo / Minerals 
 

 95 

Table 12. Growth performance of sole post-larvae fed the experimental diets for 31 

days. 

 CTRL  LOW Ca  P-value 

Survival, % 46.3 ± 7.0  60.6 ± 5.6  0.052 

SL, cm 3.80 ± 0.04  3.81 ± 0.38  0.955 

DW, g 0.21 ± 0.01  0.21 ± 0.04  0.941 

RGR, %.day
-1

 13.15 ± 0.67  13.54 ± 0.24  0.392 

FCR 0.91 ± 0.06 
b 

0.68 ± 0.09 
a 

0.022 

Values are presented as means ± standard deviation (n=3).  

Values within a row with different superscripts differ significantly (p<0.05). 

 

Bone status 

 Mineral apposition rate (MAR) and density of 74 DAH sole vertebrae were not 

affected by dietary treatments (p>0.05) (Table 13). Fish fed the different dietary 

treatments did not present a high level of severe malformations, that is, any type of 

malformations that alters the gross morphology of fish. Similarly, sole post-larvae fed 

the different dietary treatments presented no statistical differences (p>0.05) in severe 

malformation scoring in the abdominal, caudal or caudal complex regions of the 

vertebral column. 

 

Table 13. Bone status criteria in sole post-larvae.  

 CTRL LOW Ca P-value 

MAR, % 23.9 ± 1.2 25.4 ± 2.6 0.410 

Density, GL 183.2 ± 2.6 182.1 ± 0.4 0.521 

    

Abdominal 0.59 ± 0.42 0.53 ± 0.50 0.888 

Caudal 1.14 ± 0.40 1.12 ± 0.55 0.949 

Caudal complex 0.53 ± 0.46 1.02 ± 0.23 0.179 

Values are presented as means ± standard deviation (n=3).  

* Score: 0 (no radiographic alterations) to 3 (presence of severe vertebral malformations that 

alter the gross morphology of fish). 

 

Discussion 

Over the last decade, a continuous research effort has been devoted towards 

the optimization of fish larval nutrition and significant progress has been achieved 

on the development of high quality commercial microdiets for marine fish post-larvae 

(Hamre et al., 2013). These advances are reflected not only by a significant 

enhancement of larval growth performance and survival during weaning, but also 

later in the production of high-quality juveniles. Nevertheless, there is still room for 

substantial improvements in microdiets for marine fish larvae. The improvement of 

microdiets is reliant on the generation of information on the nutritional requirements 

of marine fish larvae, both qualitatively and quantitatively, which is extremely 

incipient (Holt, 2011). Although often presented as key nutrients for skeletal 
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development and remodelling, knowledge on the optimal dietary supply of minerals 

in marine fish larvae is extremely scarce (Watanabe et al., 1997; Lall, 2002; Boglione 

et al., 2013b; Berillis, 2015; Chanda et al., 2015; Baeverfjord et al., 2019). Difficulties 

associated to the quantification of dietary mineral requirements in larval fish include 

the potential contribution of minerals from the water, leaching of minerals from the 

diet prior to consumption and the limited data on mineral bioavailability (Boglione et 

al., 2013b; NRC, 2011). In practice, the nutritional requirements of marine fish larvae 

are often, and most probably erroneously, extrapolated from data generated in 

juvenile fish. 

 

Both calcium and phosphorus are key macronutrients associated to bone 

mineralization and remodelling in fish. In juvenile fish, it has been shown that excess 

dietary Ca can have an antagonistic effect on the bioavailability of phosphorus and 

selected trace minerals, like zinc, iron and manganese (NRC, 2011). This antagonistic 

effect may gain particular relevancy in a species like Senegalese sole, which shows a 

predominantly non-acidic digestion profile (gastric pH higher than 6.0) (Yúfera and 

Darías, 2007) and therefore shows a limited ability to absorb phosphorus from dietary 

mineral sources (Salas-Leiton et al., 2015). The recommended dietary Ca:P ratio in 

juvenile and grow-out fish ranges 1:1 (Hossain and Yoshimatsu, 2014), but little 

information exists on the optimal dietary Ca:P ratio in fish larvae. In pikeperch larvae, 

El Kertaoui et al. (2019) showed that although a high dietary Ca:P (1.2) was associated 

to higher survival, it was also linked to lower larval growth rates and a higher 

incidence of kyphosis and pectoral skeletal anomalies, when compared to fish fed a 

diet with a low Ca:P diet (0.6). Moreover, in a preliminary trial conducted with 

Senegalese sole larvae and based on the use of several non-calcium inorganic 

phosphate sources, it was found that a reduction of the dietary Ca:P ratio from 1.2 to 

0.7, resulted also on a significant higher weight and enhanced bone density and 

mineral apposition in vertebral bone (SPAROS confidential data). In the current study, 

we tried to assess if a further reduction of the dietary Ca:P ratio, from 0.7 to 0.5, 

could elicit additional beneficial effects on the performance and bone development 

of Senegalese sole. Overall growth performance criteria measured in our study fall in 

line with values commonly reported for Senegalese sole larvae (Pinto et al., 2018). 

Our data suggests that a complete removal of supplemental calcium carbonate from 

the currently used mineral premix, and the consequential reduction of the Ca:P ratio, 

does not compromise the somatic growth or skeletogenesis of sole post-larvae. In 

rainbow trout fry, calcium-free purified diets had no significant effect on fish survival 
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or growth (Fontagné et al., 2009). In our trial, we found a significant decrease of the 

FCR in sole post-larvae fed the low Ca:P ratio diet. At the exception of a phosphorus 

deficiency scenario, which is not the case of our trial, there is no clear nutritional 

explanation allowing us to associate this change on dietary Ca:P ratio to a potential 

improvement of feed utilisation. We believe that this significant reduction of FCR is 

probably associated to the higher survival (although not statistically significant; P = 

0.052) that we observed in sole fed with this low Ca diet.  

 

Fontagné et al. (2009) found that calcium-free purified diets induced a delay 

in the ossification of endochondral structures in rainbow trout fry, although without 

affecting bone mineralization. In sole post-larvae, the reduction of dietary calcium 

levels to 0.88% had no detrimental effects on vertebral mineral apposition rate, 

density or incidence of malformations. These results suggest that the Ca requirement 

of sole post-larvae were met by this low dietary Ca level and/or further complemented 

by a direct Ca uptake from seawater. Indeed, there are numerous species of fish that 

do not require dietary calcium to develop normally (NRC, 2011). 

 

  Data generated in this study suggests that a low Ca:P ratio, ranging between 

0.5 and 0.7, is adequate to support a high survival and growth performance in 

Senegalese sole post-larvae. Although being a critical element for bone 

mineralization, a low dietary calcium level does not seem to compromise bone 

development and skeletal formation, while it may minimize any potential antagonist 

effect on the bioavailability of other minerals.   
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Chapter IV – Premix optimization 

 

 

IV.2. In Vivo studies  

 

IV.2.1. Minerals 

 

IV.2.1.2. Dietary supplementation of organic trace minerals in 

commercially valuable marine fish larvae microdiets: effects on growth 

performance and bone status. 
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IV.2.1.2. Dietary supplementation of organic trace minerals in 

commercially valuable marine fish larvae microdiets: effects on growth 

performance and bone status. 

 

Introduction 

The production of high quality and healthy larvae and juvenile fish is one 

important target for a successful and competitive expansion of the aquaculture 

industry. Alongside with low larval survival and suboptimal growth, the occurrence of 

skeletal deformities is a major factor that entails significant economic losses in 

marine hatcheries (Georgakopoulou et al., 2010). Most skeletal deformities appear 

during the larval and juvenile stages, when a multitude of biologic processes such as 

organogenesis, morphogenesis and metamorphosis are underway. Skeletal 

anomalies have been studied in numerous aquaculture species, and literature data 

clearly suggests that unfavourable abiotic conditions, inappropriate nutrition and 

genetic factors are the most possible causative factors of skeletal anomalies in reared 

fish (for review see Boglione et al., 2013b, 2013a). Progressive changes on the 

nutritional needs and the development of the different skeletal elements along larvae 

ontogeny add complexity to a clear identification of the mechanisms underlying the 

development of skeletal anomalies.    

 

Nutrition is known to play a key role in fish skeletogenesis (Lall and Lewis-

McCrea, 2007). At a highly sensitive period such as the larval stage, several studies 

have demonstrated that different nutrients (e.g. fatty acids, peptide size and amino 

acids, vitamins and minerals) are responsible for the appearance of skeletal 

anomalies when their dietary level and/or form are inadequate or unbalanced (Cahu 

et al., 2003; Lall and Lewis-McCrea, 2007; Mazurais et al., 2008; Darias et al., 2010a; 

Boglione et al., 2013b; Hamre et al., 2013). With the development of balanced 

microdiets for early feeding of marine fish larvae, we have gain new insights on the 

impact of several nutrients that are critical for the normal larval development and 

skeletogenesis. Of all dietary components present in a formulated larval feed, trace 

minerals have received far less attention, in terms of research, although they are 

essential components of a wide range of biological functions. Trace minerals such as 

copper (Cu), iron (Fe) manganese (Mn), selenium (Se) and zinc (Zn) are essential in 

aquatic animals for a variety of biological processes such as skeletal structure, 

electron transfer, acid-base equilibrium, osmoregulation, enzymatic activities, 
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immune competence and basic metabolic functions (Lall, 2002; NRC, 2011; Watanabe 

et al., 1997). Although trace mineral biological relevance has long been recognized, 

information about mineral nutrition in marine fish larvae is very scarce. Aquatic 

animals can obtain the majority of their essential minerals from the external aquatic 

environment but there are some minerals whose amounts are limited in the water and 

need to be provided by the feed (Lall, 2002). Problems associated with the 

quantification of mineral requirements in fish larvae include a clear quantification of 

the potential contribution of minerals from the water, leaching of minerals from the 

diet prior to consumption and the relatively high levels of minerals associated to raw 

materials commonly used in larvae feeds (Boglione et al., 2013b; Hamre et al., 2013).  

 

Current diets for marine fish larvae are formulated with high levels of marine-

derived proteins (e.g. fish, squid, shrimp krill meals and hydrolysates) which are 

generally rich in most essential minerals. Additionally, larval diets are also 

supplemented with a premixture of vitamins and minerals, at levels higher than those 

commonly used for juvenile and grow-out fish. In aquafeeds, trace mineral 

supplements are often in the form of inorganic salts, which have the advantage of 

being comparatively cheap but may present a low bioavailability to the animal. 

Organic minerals have been successfully used in terrestrial animals and in some fish 

species these organic minerals show higher bioavailability than inorganic forms and 

tend to promote better vertebral mineralization and stress resistance (Paripatananont 

and Lovell, 1997; Wang and Lovell, 1997; Apines et al., 2003; Apines-Amar et al., 

2004; Antony Jesu Prabhu et al., 2014; Katya et al., 2016). Most of these studies were 

performed with juvenile and grow-out fish and little information on the potential 

benefits of organic mineral forms exist for the larval stage. In a recent study with 

gilthead seabream larvae (from 20 to 44 DAH), it was reported that a simultaneous  

supplementation of Mn, Zn and Se in the organic form (amino acid chelates) was more 

efficient than inorganic forms on the onset of skeletal mineralization, although 

without major effects of zootechnical performance criteria (Izquierdo et al., 2016; 

Terova et al., 2018). Two studies were undertaken with the objective of assessing the 

effect of dietary organic and inorganic mineral forms of Cu, Fe Mn, and Zn on the 

growth performance and bone status in European seabass (Dicentrarchus labrax) and 

Senegalese sole (Solea senegalensis) post-larvae. Differences between the leaching of 

inorganic and organic minerals from the test diets was also assessed. 
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Materials and methods 

Experimental diets 

The trial with European seabass comprised 2 dietary treatments (Table 14). 

Both diets were based on a single basal formulation prepared by BernAqua NV 

(Belgium), in which the sole variation was the chemical form of trace minerals Cu, Fe, 

Mn and Zn. Diet BIM contained inorganic forms of Cu (copper sulphate pentahydrate), 

Fe (ferrous sulphate monohydrate), Mn (manganese sulphate monohydrate) and Zn 

(zinc sulphate monohydrate), while diet BOM contained organic glycinates forms of 

Cu, Fe, Mn, Zn. The trial with Senegalese sole comprised also 2 dietary treatments, 

with the supplementation of organic and inorganic sources of Cu, Fe and Mn to a 

single basal formulation (WINFlat
®

, SPAROS LDA, Portugal). Diet SIM contained 

inorganic forms of Cu (copper sulphate pentahydrate), Fe (ferrous sulphate 

monohydrate) and Mn (manganese sulphate monohydrate), while diet SOM contained 

organic glycinate forms of Cu, Fe and Mn.  

 

Table 14. Proximate composition and mineral content of experimental diets. 

  Seabass  Sole 

  BIM BOM  SIM SOM 

Dry matter (DM), % 93.5 ± 0.4 93.4 ± 0.4  94.4 ± 0.0 94.8 ± 0.5 
Ash, % DM 11.8 ± 0.2 11.3 ± 0.3  10.1 ± 0.3 10.0 ± 0.3 
Protein, % DM 62.5 ± 0.0 63.6 ± 0.0  64.6 ± 0.0 64.4 ± 0.0 
Fat, % DM 17.9 ± 0.0 18.1 ± 0.0  18.2 ± 0.1 17.8 ± 0.1 
         
P, % DM 0.80 ± 0.02 0.77 ± 0.03  1.79 ± 0.03 1.77 ± 0.09 
Ca, % DM 1.91 ± 0.02 1.84 ± 0.07  1.19 ± 0.02 1.20 ± 0.01 
K, % DM 1.10 ± 0.05 1.13 ± 0.09  0.73 ± 0.18 0.73 ± 0.18 
Mg, % DM 0.34 ± 0.01 0.33 ± 0.01  0.45 ± 0.05 0.45 ± 0.07 
Na, % DM 1.07 ± 0.02 1.00 ± 0.04  0.62 ± 0.03 0.62 ± 0.02 
Cu, mg/kg DM 64.56 ± 1.38 64.84 ± 5.31  52.95 ± 2.76 48.78 ± 4.55 
Fe, mg/kg DM 403.65 ± 19.72 401.47 ± 6.50  716.75 ± 14.52 721.16 ± 3.61 
Mn, mg/kg DM 69.95 ± 7.03 69.07 ± 3.36  134.81 ± 13.37 131.33 ± 13.90 
Zn, mg/kg DM 258.47 ± 6.28 246.08 ± 13.16  382.14 ± 31.31 380.33 ± 17.22 

Values are means ± standard deviation (n=3). 

 

Given the commercial character of the basal formulations, a detailed listing of 

raw materials and additives cannot be disclosed due to industrial trade secret. 

Nevertheless, both seabass and sole formulas contains high levels of premium marine 

and plant protein sources, while lipids are provided by marine oils and lecithin 

sources. Organic minerals supplied by Pancosma S.A. (B-TRAXIM® range, 

Switzerland). The experimental mineral premixes were manufactured by ADM 

Portugal S.A. (Portugal).  
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Diets were produced at SPAROS LDA (Olhão, Portugal). Powder ingredients 

were initially mixed according to each target formulation in a double-helix mixer, 

being thereafter ground in a micropulverizer hammer mill (SH1, Hosokawa-Alpine, 

Germany). The oils were subsequently added and after a moisturizing step, diets were 

agglomerated through low-shear extrusion (Dominioni Group, Italy). Upon extrusion, 

diets were dried in a vibrating fluid bed dryer. Dry microparticles were subsequently 

sieved to the desired size ranges for seabass (100-200, 200-400 and 400-600 µm) 

and Senegalese sole (400-600 and 600-800 µm). Diets were kept at 4ºC until used. 

Samples of each diet were taken for relevant analytical characterization (Table 14) 

and nutrient leaching tests (Figure 29 and Figure 30). 

 

Fish rearing and sampling 

European seabass larvae with 18 days after hatching (DAH) originating from 

MARESA (Ayamonte, Spain) were randomly distributed into 300 L cylindroconical 

tanks, at an initial density of 9 larvae. litre
-1

, in triplicate, at EPPO-IPMA facilities 

(Olhão, Portugal). Larvae were co-fed using Artemia and experimental diets from 18 

to 30 DAH after which feeding was done solely with experimental feeds (BIM and 

BOM). Dry feed distribution was performed using automatic feeders. System water 

parameters were measured daily and adjusted to maintain temperature at 21 ± 1 °C, 

oxygen saturation level above 90% and salinity at 36 g. L
−1

. At the end of the feeding 

trial (70 DAH) 40 fish were euthanized by an overdose of tricane methanesulfate 

(MS222). Fish were measured to determine standard length (SL), dry weight (DW), 

relative growth rate (RGR) and feed conversion rate (FCR). Fifteen additional fish were 

used for X-ray analysis to determine the incidence of commercially severe 

malformations and vertebrae density. Survival in each treatment was determined at 

the end of the experiment.  

 

Senegalese sole post-larvae with 20 days after hatching (DAH) originating from 

SAFIESTELA/SEA8 (Rioalto, Portugal) were reared at IPIMAR facilities (Olhão, Portugal). 

Fish were initially acclimatized to 12 white plastic trays (0.1 m
2

, 8 L), previously 

prepared with clean seawater and aeration. Trays were maintained in a closed water 

recirculating system with four water renewals h
− 1

. Fish density in each tray was 4125 

post-larvae m
− 2

. Light intensity was 40 lx and light:dark cycles of 3:21 h were used 

to maximize feed ingestion, since Senegalese sole exhibits a pronounced nocturnal 

feeding behaviour (Navarro et al., 2009). Fish were initially fed with frozen enriched-

Artemia. At 30 DAH fish were suddenly weaned onto a commercial control diet 
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(WINFlat
®

). At 36 DAH, the two dietary treatments were randomly distributed by the 

rearing trays in triplicate. Feeding was performed using automatic feeders, where the 

experimental diets were distributed to the fish in eight meals per day, each meal 

lasting a period of 2 h following a 1 h break. System water parameters were measured 

daily with commercial probes and adjusted to maintain temperature at 20 °C, oxygen 

saturation level above 90% and salinity at 35 g L 
−1

. Fish were measured to determine 

standard length (SL), dry weight (DW), relative growth rate (RGR) and feed conversion 

rate (FCR). Survival in each treatment was determined at the end of the experiment. 

Fish were also sampled at the end of the experimental period for analysis of whole-

body minerals. At 64 DAH, 10 fish from each replicate were placed in 4% phosphate 

buffered formalin until further analysis of bone mineralization criteria. 

 

Mineral leaching 

Mineral leaching assays, using the two different diet types, were performed as 

described in Chapter II. 

 

Biochemical analysis 

Proximate composition and mineral analysis of fish and/or feed were 

performed as described in Chapter II. 

 

Quantitative X-ray microradiograph imaging (qXRI) 

The relative bone mineral content (bone density) of 70 DAH European seabass 

and 64 DAH Senegalese sole vertebrae was determined using qXRI, as described in 

Chapter II with the following details:  

• For seabass, digital X-ray images of whole fish were recorded at a 29.2 μm 

pixel resolution; Settings were: X-ray energy 35kV; exposure 4x20s; FOV 60; 

focal plane 12.  

• For sole, digital X-ray images of whole fish were recorded at a 59.1μm pixel; 

Settings were: X-ray energy 35kV; exposure 2x45s; FOV 120; focal plane 15. 

 

Incidence of commercially severe malformations (ICSM) 

 Commercially severe malformations were assessed by X-ray image analysis, as 

described in Chapter II. 
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Evaluation of vertebral mineral apposition rate (MAR) 

The determination of the MAR in 64 DAH Senegalese sole post-larvae vertebrae 

was performed as described in Chapter II.  

 

Data analysis 

Results are expressed as means ± standard deviation (n=3). Detection of mean 

differences between the dietary treatments was tested by means of a t-test, where 

the significance level was p < 0.05. Data were previously checked for normal 

distribution and homogeneity of variances and results expressed as a percentage 

were based on arcsine transformed data (Ennos, 2007). All statistical tests were 

performed using the GraphPad Prism software (Version 5.0; GraphPad Software, San 

Diego, CA, USA). 

 

Results 

After 5 minutes of immersion, the seabass diets showed that 57 to 67% of the 

initial supplemental minerals content was lost by leaching into the water (Figure 29). 

These losses were not significantly accentuated with a longer immersion time. 

Although inorganic Mn showed a significantly higher leaching losses than organic Mn 

after 30 minutes of immersion (P=0.011), overall leaching losses do not seem to be 

strongly affected by the mineral source.  

 

After 2 minutes of immersion, the sole diets showed that approximately 22-

30% of Cu and Fe and 40% of Mn were lost by leaching into the water (Figure 30). For 

Fe and Mn, these losses were not significantly accentuated with longer immersion 

times. We observed that organic Fe showed significantly lower leaching losses than 

inorganic Fe after 2 minutes of immersion (P<0.001), whereas organic Cu losses were 

significantly lower than that of inorganic Cu after 15 minutes of immersion (P=0.016). 
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Figure 29. Mineral leaching losses in seabass diets after 5 and 30 minutes of 

immersion 

 

The growth performance of European seabass and Senegalese sole post-larvae 

fed the various experimental diets for 52 and 28 days, respectively, are presented in 

Table 15. At the exception of a significantly higher survival of seabass post-larvae 

fed the diet with inorganic minerals (BIM) (P=0.013), dietary trace minerals form had 

no significant effect on DW, SL, RGR or FCR, irrespective of the species.  
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Figure 30. Mineral leaching losses in sole diets after 2, 15 and 60 minutes of 

immersion 

 

Table 15. Growth performance of post-larvae fed the experimental diets. 

  Seabass  Sole 

  BIM BOM  SIM SOM 

Survival, % 55.2 ± 0.3 b 47.7 ± 3.1 a  44.9 ± 7.1 42.9 ± 12.6 
Standard length, cm 3.23 ± 0.20 3.16 ± 0.07  4.20 ± 0.19 4.29 ± 0.21 
Dry weight, mg 92.7 ± 17.9 79.7 ± 7.8  186.4 ± 17.7 191.1 ± 16.5 
RGR, %/day 12.62 ± 0.42 12.31 ± 0.21  14.90 ± 0.14 14.88 ± 0.26 
FCR 1.33 ± 0.25 1.69 ± 0.20  1.21 ± 0.14 1.32 ± 0.51 

Values are means ± standard deviation (n=3). 

Different superscripts within a row, denotes a statistical difference (P<0.05). 

 

The mineral composition of European seabass and Senegalese sole whole-fish 

fed the various experimental diets are presented in Table 16. Irrespective of the 

species, dietary trace minerals chemical form had no significant effect on the mineral 
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contents of post-larvae (P>0.05). The only exception was whole-body Fe in sole, that 

was significantly enhanced in post-larvae fed with diet SOM (P=0.036)   

 

Table 16. Mineral composition of whole-fish. 

  Seabass  Sole 

  BIM BOM  SIM SOM 

P, g/kg DM 9.61 ± 0.04 10.71 ± 0.72  9.96 ± 0.72 10.18 ± 0.95 
Ca, g/kg DM 32.17 ± 0.82 31.86 ± 1.88  30.85 ± 2.08 30.59 ± 1.16 
K, g/kg DM 13.74 ± 0.11 15.56 ± 1.67  15.06 ± 1.07 15.57 ± 0.69 
Mg, g/kg DM 1.56 ± 0.02 1.82 ± 0.25  1.40 ± 0.17 1.51 ± 0.23 
Na, g/kg DM 7.08 ± 0.39 7.56 ± 0.40  4.59 ± 0.31 4.85 ± 0.52 
Cu, mg/kg DM 2.17 ± 0.41 1.83 ± 0.14  8.10 ± 1.07 11.49 ± 2.74 
Fe, mg/kg DM 189.98 ± 0.81 177.06 ± 15.38  241.23 ± 3.96 a 264.62 ± 0.65 b 
Mn, mg/kg DM 15.16 ± 3.07 14.05 ± 1.48  19.38 ± 1.44 21.84 ± 2.92 
Zn, mg/kg DM 105.17 ± 4.74 108.07 ± 7.31  57.02 ± 3.39 60.06 ± 4.71 

Values are means ± standard deviation (n=3). 

 

Based on feed intake, weight gain and the whole-body minerals content of 

post-larvae, we calculated the daily deposition rate of each mineral (Table 17). At the 

exception of a significantly higher daily Fe deposition rate in sole post-larvae fed the 

diet with organic minerals (SOM) (P=0.031), dietary trace minerals form had no 

significant effect on the deposition rate of all other minerals, irrespective of the 

species. 

 

Table 17. Whole-body daily mineral gain 

  Seabass  Sole 

µg/g/day BIM BOM  SIM SOM 

P 73.49 ± 0.24 81.75 ± 5.52  128.75 ± 8.36 130.69 ± 17.98 
Ca 246.33 ± 6.54 243.66 ± 14.41  394.97 ± 26.28 387.44 ± 32.61 
K 104.71 ± 1.06 118.36 ± 12.72  196.85 ± 12.61 202.25 ± 16.19 
Mg 11.87 ± 0.22 13.78 ± 1.93  17.78 ± 2.18 19.09 ± 4.03 
Na 53.75 ± 3.16 57.18 ± 3.02  58.15 ± 3.77 61.06 ± 9.95 
Cu 0.02 ± 0.00 0.01 ± 0.10  0.11 ± 0.01 0.16 ± 0.04 
Fe 1.45 ± 0.01 1.35 ± 0.12  3.09 ± 0.07 a 3.38 ± 0.13 b 
Mn 0.12 ± 0.02 0.11 ± 0.01  0.26 ± 0.02 0.29 ± 0.03 
Zn 0.80 ± 0.03 0.82 ± 0.06  0.73 ± 0.04 0.76 ± 0.10 

Values are means ± standard deviation (n=3). 

Different superscripts within a row, denotes a statistical difference (P<0.05). 

 

In both species, a detailed characterization of skeletal development was made 

at the end of the trial (Table 18). Irrespective of the species, changes on the chemical 

form of dietary trace minerals had no significant effect on the mineral apposition rate 

(MAR) and vertebrae density (P>0.05). Senegalese sole post-larvae presented a low 

level of severe malformations (<10%), that is, any type of malformations that alters 

the gross morphology of fish and dietary treatments had no significant effect (P>0.05) 
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in malformation scoring in the abdominal, caudal or caudal complex regions of the 

vertebral column. In European seabass, the level of severe malformations was 

moderate (33 to 37%) but remained unaffected by dietary treatments (P>0.05). 

Similarly, changes on the chemical form of dietary trace minerals had no significant 

effect on the severe malformation scoring in the abdominal, caudal or caudal complex 

regions of the seabass vertebral column (P>0.05). 

 

Table 18. Bone status criteria in European seabass and Senegalese sole post-larvae 

  Seabass  Sole 
 BIM BOM  SIM SOM 

MAR, µm/day - -  8.89 ± 1.21 9.25 ± 0.02 
Density, GL 186.5 ± 7.7 189.5 ± 5.8  183.1 ± 6.6 185.8 ± 3.9 
      
Malformations      
Severe, % 36.7 ± 4.7 33.3 ± 11.5  - - 
Abdominal* 1.87 ± 0.28 2.06 ± 0.18  0.20 ± 0.00 0.30 ± 0.00 
Caudal* 1.40 ± 0.00 1.48 ± 0.05  0.53 ± 0.15 0.75 ± 0.21 
Caudal complex* 1.33 ± 0.09 1.22 ± 0.27  0.23 ± 0.15 0.10 ± 0.14 

Values are means ± standard deviation (n=3). 

Different superscripts within a row, denotes a statistical difference (P<0.05). 

MAR: mineral apposition rate. Fluorescent staining not done in seabass given the sensitivity 

of this species.  

* Score: 0 (no radiographic alterations) to 3 (severe malformations that alter the gross 

morphology of fish). 

 

Given the higher incidence of skeletal malformations in seabass post-larvae, 

an identification of the malformation type was made (Figure 31). Again, skeletal 

malformations types were not significantly affected by changes on the chemical form 

of dietary trace minerals (P>0.05). 

 

 

Figure 31. Incidence (%) of commercially severe malformations in seabass post-larvae. 

Bars are means ± standard deviation (n=3). 
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Discussion 

Reliable juvenile production requires high numbers of high quality and healthy 

fish larvae. Despite considerable progress in marine fish farming in the past decades, 

juvenile fish production is still fraught with problems which arise during the larval 

phase. At a highly sensitive period such as the larval stage, nutrition is known to play 

a key role on a harmonious development of fish (Boglione et al., 2013b; Hamre et al., 

2013; Rønnestad et al., 2013). Despite the significant gains achieved in recent years, 

knowledge on the optimal dietary needs of marine fish larvae is still limited. One area 

in which this knowledge gap is particularly evident is the mineral nutrition at larval 

stages. 

 

It is well known that trace minerals (Co, Cu, Fe, I, Mn, Mo, Se, and Zn, among 

others) are required for the normal functioning of basically all biochemical processes 

in animals, including fish. They are part of numerous enzymes and coordinate a great 

number of biological processes, and consequently they are essential to maintain 

animal health and productivity. Optimal nutrition, with adequate trace mineral levels, 

guarantees proper functions of the organism, among which the most important are 

structural, physiological, catalytic, and regulatory (NRC, 2011). It is rather difficult to 

justify the term “requirements” for trace minerals in the same way as it is for energy, 

protein, or amino acids. Most estimates of mineral requirements in fish are based on 

the minimum level required to overcome a deficiency symptom and not necessarily 

the optimal levels to promote productivity criteria. Moreover, the fact that fish can 

absorb minerals from the surrounding water adds further complexity to this topic. 

Several studies in land-based animals and juvenile fish show that dietary trace 

minerals may be more effectively absorbed if presented in their chelated organic 

forms, that consequently may result on growth performance gains (Apines et al., 

2003; Apines-Amar et al., 2004; Antony Jesu Prabhu et al., 2014). But there are also 

other studies, in which this alleged higher bioavailability of organic mineral forms 

has not been confirmed by performance gains (Watanabe et al., 1997; Do Carmo e Sá 

et al., 2005; Fountoulaki et al., 2010; Savolainen and Gatlin, 2010; Domínguez et al., 

2017). The rationale behind an improved bioavailability of the chelated mineral 

sources is that, (i) binding of the minerals to an amino acid (glycine in our case) would 

reduce the susceptibility of the mineral to negative interactions with anti-nutritional 

factors (Silva et al., 2019); and (ii) it would improve intestinal uptake by enterocytes 

as it can open up alternate uptake pathways in addition to the divalent metal 

transporters (Zhang et al., 2017). This last aspect is of particular interest for fish 
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larvae, which show an incipient digestive capacity. To our knowledge, only one study 

has assessed the efficacy of organic and inorganic mineral forms in larval fish 

(Izquierdo et al., 2016; Terova et al., 2018). In this study with gilthead seabream 

larvae (24 DAH), a dietary supplementation of organic forms of, proteinate-chelated 

Mn and Zn and Se-yeast, led to a growth performance (total length and dry weight) 

similar to that observed with supplemental inorganic mineral forms (Mn and Zn 

sulphates and sodium selenite), although with a lower survival of larvae fed the 

inorganic minerals (Izquierdo et al., 2016). In our study, and irrespective of the 

species, the chemical form of supplemental trace minerals had no effects on the 

overall performance criteria, at the exception of a significantly higher survival of 

seabass post-larvae fed the diet with inorganic minerals.  

 

Dietary trace minerals form had no major impact on the whole-body mineral 

contents of seabass and sole post-larvae. Consequently, for the majority of minerals, 

their estimated daily deposition rate was not affected by supplemental mineral form. 

The only exception was the case of Fe, since sole post-larvae fed the diet with organic 

minerals showed a higher whole-body Fe content and therefore also a higher daily Fe 

deposition. The exact reasons for this higher deposition of Fe in sole, but not on 

seabass, are unknown. One possible explanation for this discrepancy is the difference 

in the gastric conditions of these two species. Senegalese sole shows a predominantly 

non-acidic digestion profile (gastrointestinal pH higher than 6.0) (Yúfera and Darías, 

2007) with the appearance of gastric glands by 27 DAH, while in European seabass 

the appearance of gastric glands only occurs by 55 DAH (Rønnestad et al., 2013). 

Glycine-chelated Fe, such as the one used in our study, tend to show a good chelation 

stability in a relatively broad pH range (pH 2 to 6) (García-Casal and Layrisse, 2001). 

However, its bioavailability at larvae stages without a full acidic digestion capacity 

requires further studies.  

 

It is also worth pointing out that Fe leaching losses, within 2 minutes of water 

immersion, were significantly lower in the sole diet comprising the Fe-glycinate 

(organic form). This lower solubility of the organic Fe form may have resulted on a 

higher Fe intake by the sole post-larvae fed the SOM diet. Microdiets for marine fish 

larvae are small-sized particles (50 to 800 µm) with a high surface/volume ratio and 

are subjected to a long period of immersion in water until ingestion, which makes 

them highly susceptible to leaching phenomena. Nutrient leaching is very often 

mentioned as a conditioning variable in larvae nutrition studies, but seldomly 
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measured. Research on nutrient leaching in microdiets for fish larvae is very limited 

(López-alvarado et al., 1994; Baskerville-Bridges and Kling, 2000; Yúfera et al., 

2002b; Önal and Langdon, 2004; Kvåle et al., 2006, 2007; Nordgreen et al., 2008) 

and mostly focused on the protein fraction and in association to laboratory scale 

microencapsulation methods. Measurements of leaching from two commercial and 

two experimental larval feeds showed that 18-42% of the protein leached from the 

feed within two minutes of hydration (Hamre, 2006). At the exception of a few studies 

on the enrichment of live feeds, to our knowledge no data exists on the leaching of 

trace minerals in larval microdiets. Our data showed that after 2 minutes of 

immersion in saltwater of the sole diets, the leaching losses ranged 22-30% for Cu 

and Fe and 40% for Mn (Figure 30). In the seabass diets, we have found that 57 to 

67% of the initial supplemental minerals content was lost by leaching, after 5 minutes 

immersion in saltwater. Although not directly comparable, an Atlantic salmon 

extruded feed (2.0 mm pellet size) showed a phosphorus leaching of 6.0 to 12.5% 

during the descent through a 30 meters water column (Phillips et al., 1993), while a 

shrimp grow-out feed presented leaching rates of 36% to 38% for potassium and 45% 

for sodium after 30 minutes immersion in distilled water (Roy et al., 2007). Probably 

due to its high leaching values, in seabass feeds we could not find a strong effect of 

mineral form (organic vs inorganic) on leaching losses. However, in sole diets and 

within the first minutes of water immersion, we found a trend towards lower leaching 

losses of Cu, Fe and Mn when presented in their glycinate form. A reliable 

quantification of nutrient leaching losses in microdiets for fish larvae is a complex 

matter, since it can be strongly affected not only by the nutrient level, but also by the 

feed manufacturing process and the methodology use to simulate immersion 

conditions. There is a clear need for the standardization of an experimental protocol 

to measure leaching losses of water-soluble compounds in larval feeds.       

 

Trace minerals play important roles in bone metabolism. The larval period is 

critical for bone development and the majority of skeletal anomalies arises from 

uncontrolled environmental and nutritional factors occurring at this stage (Boglione 

et al., 2013b). Despite often referred as critical nutrients for skeletal development 

and bone remodelling, knowledge on the optimal dietary supply of trace minerals, 

such as Cu, Fe, Mn and Zn, in marine fish larvae is scarce (Boglione et al., 2013b; 

Berillis, 2015; Chanda et al., 2015). Most studies on mineral nutrition in fish rely on 

a basal deficient scenario that is afterwards supplemented with graded levels of a 

given mineral. In gilthead seabream larvae, a concomitant dietary supplementation 
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with Mn (from 3 to 15 mg/kg), Zn (from 86 to 110 mg/kg) and selenium (from 2 to 

5 mg/kg), presented in both organic and inorganic chemical forms, led to an higher 

growth, enhancement of early mineralization and reduction of anomalies in branchial 

arches (Izquierdo et al., 2016; Terova et al., 2018). In this same study, it was also 

demonstrated that seabream larvae fed weaning diets supplemented with Mn, Se, and 

Zn in the organic form were more effective than diets supplemented with inorganic 

form of minerals in promoting bone mineralization and in preventing skeletal 

anomalies (Izquierdo et al., 2016; Terova et al., 2018). Nguyen et al. (2008) reported 

a decrease of anomalies in the dorsal fin rays of red seabream fed Zn-enriched 

Artemia. These authors suggested that the beneficial effects of Zn supplementation 

on skeletal development could be due to the stimulation of osteoblastic bone 

formation and inhibition of osteoclastic bone resorption by Zn, as demonstrated in 

mammalian cell cultures. Recently, Roberto et al. (2018) have shown that osteogenic 

markers (runx2, sp7, oc) were increased by dietary Zn supplementation (up to 120 

mg.kg-1), indicating that appropriate amounts of Zn are critical to support normal 

bone formation in zebrafish larvae. However, todays’ commercial microdiets for 

marine fish larvae are generally formulated with high levels of premium marine-

derived ingredients, such as fishmeal, krill meal, squid meal, and marine protein 

hydrolysates, and therefore are not expected to be nutritionally limiting in terms of 

trace minerals. Contrary to what has been found in gilthead seabream larvae 

(Izquierdo et al., 2016; Terova et al., 2018), in our study and irrespective of the 

species, changes on the chemical form of dietary trace minerals had no significant 

impact on criteria associated to bone mineralization (mineral apposition rate, 

vertebrae density) and incidence of skeletal anomalies. This lack of effects on 

vertebrae mineralization criteria is probably associated to the fact that irrespective of 

the mineral form, the dietary mineral levels adopted in this study were sufficient to 

cover the fish larval requirements for these trace minerals. In fact, the dietary content 

of trace minerals in the experimental feeds, based on commercial formulations, were 

well above the levels tested in the work of Izquierdo et al. (2016). 

 

In the overall, our study suggests that a potential replacement of inorganic 

mineral forms (sulphates) of Cu, Fe, Mn and Zn by their organic glycinate-chelated 

forms, does not generate marked beneficial effects on somatic growth and bone 

development in Senegalese sole and European seabass post-larvae fed high quality 

commercial microdiets. Although requiring further experimental validation, leaching 

of these minerals was extremely high (up to 67% in seabass diets and up to 42% in 
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sole diets) within a few minutes of water immersion. Moreover, there are some 

indications that organic minerals tend to show a lower leaching than inorganic forms. 

Several of these minerals have been associated to a higher stress and immune 

resistance in juvenile fish, and therefore a detailed assessment on the effect of trace 

minerals on the immune status of fish larvae is needed.    
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Chapter IV – Premix optimization 

 

 

IV.2. In Vivo studies  

 

IV.2.1. Minerals 

 

IV.2.1.3 Effect of dietary manganese and zinc levels on growth and bone 

status of Senegalese sole (Solea senegalensis) post-larvae 
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IV.2.1.3. Effect of dietary manganese and zinc levels on growth and bone 

status of Senegalese sole (Solea senegalensis) post-larvae  

 

Introduction 

To achieve its forecasted growth, the aquaculture industry must solve a series 

of challenges throughout the entire production cycle of commercially raised fish. One 

of the major bottlenecks faced by the marine aquaculture industry is the mass culture 

of healthy, fast growing fish larvae and juveniles with high survival rates and a low 

incidence of skeletal deformities. The incidence of fish with medium to severe skeletal 

anomalies varies greatly, not only between different hatcheries, but also among 

different lots within the same hatchery or even within the same batch of eggs 

(Boglione et al., 2013b). In marine hatcheries, skeletal deformities can affect 7–20% 

on average of the produced juveniles, whereas occasionally this incidence can be as 

high as 45–100% (Georgakopoulou et al., 2010). It has been estimated that a 50% 

reduction of skeletal anomalies could increase production and profitability of marine 

hatcheries and save up to € 25 million per year (Boglione et al., 2013b). The majority 

of skeletal anomalies have their onset during bone development in early larval stages 

(Boglione et al., 2013b), although some vertebrae fusion and related anomalies can 

also develop later in life (i.e. after smoltification in salmon) (Witten et al., 2006). 

Skeletal malformations can affect swimming ability, capability to compete for food, 

reduce growth rates, increase mortality and significantly affect animal welfare. The 

development and severity of skeletal disorders in larval and juvenile fish is linked to 

a poorly understood relationship between inadequate nutrition, unfavourable 

environmental conditions and genetic factors. 

 

Over the last decade, both academia and industry, have devoted a continuous 

research effort towards the optimization of fish larval nutrition and significant 

progress has been achieved on the quality of commercial microdiets for marine fish 

larvae. These advances are reflected not only by a significant enhancement of larval 

growth performance and survival during weaning, but also later in the production of 

high-quality juveniles. Nevertheless, there is still room for substantial improvements 

in microdiets for marine fish larvae. Available literature data shows that virtually all 

microdiet components have an impact on several aspects of the bone development 

and remodelling processes. An inadequate quantitative and qualitative supply of 

peptides in hydrolysates (Gisbert et al., 2012), lipid classes (triglycerides, 
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phospholipids) (Cahu et al., 2009; Kjørsvik et al., 2009)), fatty acids ratios (Villeneuve 

et al., 2005; Izquierdo et al., 2010), vitamins (Darias et al., 2010b; Fernández and 

Gisbert, 2011), minerals and trace elements (Lall and Lewis-McCrea, 2007) have all 

been associated to a modulation of bone formation and mineralization. 

 

Although often presented as key nutrients for skeletal development, growth 

and remodelling, knowledge on the optimal dietary supply of trace minerals in marine 

fish larvae is extremely scarce (Watanabe et al., 1997; Lall, 2002; Boglione et al., 

2013b; Berillis, 2015; Chanda et al., 2015; Baeverfjord et al., 2019). Difficulties 

associated to the quantification of dietary mineral requirements in fish, further 

exacerbated at larval stages, include the potential contribution of minerals from the 

water, leaching of minerals from the diet prior to consumption, availability of suitable 

test diets that have a low concentration of the targeted mineral and the limited data 

on mineral bioavailability (NRC (National Research Council), 2011b; Boglione et al., 

2013b).   

 

Manganese (Mn) and zinc (Zn) are essential trace minerals with important roles 

in several biological processes, functioning either as cofactors activating many 

enzymes that form metal–enzyme complexes or as integral parts of certain 

metalloenzymes in carbohydrate, lipid, and protein metabolism. They also have an 

antioxidant role as they are part of either Mn-superoxide dismutase or Cu/Zn- 

superoxide dismutase (Lall, 2002). Data on the mineral requirements of fish are often 

generated at the juvenile stage. According to NRC (2011), dietary requirements for 

Mn in several fish species ranges from 2-14 mg/kg feed, while that of Zn ranges from 

20-30 mg/kg. However, in comparison to a juvenile fish scenario, larvae nutrition and 

feeding shows highly different features. Namely, significantly higher growth rates, 

feed particles with a much higher surface/volume ratio and a longer duration of 

immersion in water until ingestion, which makes them more prone to leaching and 

oxidation. All these elements suggest that recommended dietary levels of 

micronutrients in general should be significantly higher in larval feeds. In red 

seabream larvae, supplementation of Artemia nauplii (from 12 to 43 mg Mn/kg dry 

weight and from 119 to 423 mg Zn/kg dry weight) has been shown to enhance growth 

(Mn only) and to promote normal skeletal development with a reduction of anomalies 

in neural spines and arches (both Mn and Zn) (Nguyen et al., 2008). In gilthead 

seabream larvae (from 20 to 44 DAH), a simultaneous dietary supplementation with 

Mn (from 3 to 15 mg/kg), Zn (from 86 to 110 mg/kg) and selenium (from 2 to 5 
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mg/kg), presented in both organic and inorganic chemical forms, led to an higher 

growth, enhancement of early mineralization and reduction of anomalies in branchial 

arches (Izquierdo et al., 2016; Terova et al., 2018). Moreover, in this same study, the 

survival rate of gilthead seabream larvae was negatively correlated with the dietary 

Zn content (Izquierdo et al., 2016).    

 

This study aims to determine the effect of combined dietary levels of organic Mn (60 

and 120 mg/kg feed) and organic Zn (at 100 and 125 mg/kg feed) on survival, 

growth, mineral deposition rates, and bone status of an emergent aquaculture 

species, Senegalese sole (Solea senegalensis). 

 

Materials and methods 

Experimental diets 

The trial comprised four dietary treatments (Table 19). All experimental diets 

were based on a single commercial feed formulation (WINFlat
®

, SPAROS LDA, 

Portugal), which was supplemented at the manufacturing stage with both manganese 

(Mn) and zinc (Zn) in the glycine chelated organic form (B-TRAXIM® 2C, Pancosma, 

Switzerland). Dietary target levels were: Mn at 45 and Zn at 100 mg.kg
-1

 (diet 

M45Z100); Mn at 45 and Zn at 130 mg.kg
-1

 (diet M45Z130); Mn at 90 and Zn at 100 

mg.kg
-1

 (diet M90Z100); and Mn at 90 and Zn at 130 mg.kg
-1

 (diet M90Z130). A 

detailed listing of raw materials and additives cannot be disclosed due to industrial 

trade secret. Nevertheless, the formula contains high levels of premium marine and 

plant protein sources (>75% of combined crustacean meal, squid meal, marine 

zooplankton meal, fish hydrolysates, fishmeal, wheat gluten, pea protein concentrate 

and fish gelatine), while lipids are provided by marine oils and a vegetable lecithin 

source. 

 

Diets were produced at SPAROS LDA (Olhão, Portugal). Powder ingredients 

were initially mixed according to each target formulation in a double-helix mixer, 

being thereafter ground in a micropulverizer hammer mill (SH1, Hosokawa-Alpine, 

Germany). The oils were subsequently added and after a moisturizing step, diets were 

agglomerated through low-shear extrusion (Dominioni Group, Italy). Upon extrusion, 

diets were dried in a vibrating fluid bed dryer. Dry microparticles were subsequently 

sieved to the desired size ranges (400-600 and 600-800 µm). Diets were kept at 4ºC 

until used. Samples of each diet were taken for relevant analytical characterization 

(Table 19). 
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Table 19. Proximate and mineral composition of experimental diets. 

  M45Z100 M45Z130 M90Z100 M90Z130 

Dry matter (DM), % 94.2 ± 1.3 94.2 ± 1.5 94.4 ± 1.2 94.0 ± 1.3 

Ash, % DM 8.9 ± 0.4 9.0 ± 0.1 8.8 ± 0.2 8.9 ± 0.1 

Crude protein, % DM 62.8 ± 0.2 62.7 ± 0.2 62.4 ± 0.2 62.9 ± 0.2 

Crude fat, % DM 21.4 ± 0.1 21.4 ± 0.3 20.9 ± 0.0 20.7 ± 0.1 

          

Phosphorus, g/kg DM 18.6 ± 0.4 18.5 ± 0.4 18.7 ± 0.2 18.7 ± 0.3 

Calcium, g/kg DM 9.9 ± 0.1 9.6 ± 0.1 9.7 ± 0.2 9.9 ± 0.1 

Sodium, g/kg DM 5.9 ± 0.1 5.8 ± 0.1 5.8 ± 0.1 5.9 ± 0.1 

Potassium, g/kg DM 6.9 ± 0.4 6.8 ± 0.6 7.8 ± 0.7 7.3 ± 0.7 

Magnesium, g/kg DM 2.3 ± 0.1 2.2 ± 0.1 2.4 ± 0.1 2.4 ± 0.2 

Copper, mg/kg DM 19.5 ± 0.5 18.8 ± 0.9 18.8 ± 0.2 16.9 ± 0.8 

Iron, mg/kg DM 176.7 ± 3.0 170.9 ± 5.9 175.2 ± 9.2 174.0 ± 3.2 

Manganese, mg/kg DM 47.9 ± 2.4 46.4 ± 5.2 91.2 ± 11.7 88.4 ± 2.0 

Zinc, mg/kg DM 103.6 ± 5.7 130.1 ± 3.3 107.5 ± 3.7 133.4 ± 7.5 

 

 

Fish rearing and sampling 

Senegalese sole post-larvae with 20 days after hatching (DAH) originating from 

SAFIESTELA/SEA8 (Estela, Portugal) were reared at IPIMAR facilities (Olhão, Portugal). 

Fish were initially acclimatized to 20 white plastic tanks (0.1 m
2

, 8 L). Trays were 

maintained in a semi-closed seawater recirculating system with four water 

renewals.h
− 1

. Fish density in each tray was 4000 post-larvae per m
2

. Light intensity 

was 40 lx and light:dark cycles of 3:21 h were used to maximize feed ingestion, since 

Senegalese sole exhibits a pronounced nocturnal feeding behaviour (Navarro et al., 

2009). Fish were initially fed with frozen Artemia previously enriched with commercial 

products. At 32 DAH fish were suddenly weaned onto a commercial control diet 

(WINFlat, SPAROS LDA). At 42 DAH, the four dietary treatments were randomly 

distributed by the rearing trays in quadruplicate. Feeding was performed using 

automatic feeders, where the experimental diets were distributed to the fish in eight 

meals per day, each meal lasting a period of 2 h following a 1 h break. System water 

parameters were measured daily and adjusted to maintain temperature at 20 °C, 

oxygen saturation level above 90% and salinity at 35 g.l
−1

. At 60 DAH fish were 

submitted to a live calcein staining (described below). Fish were sampled at 81 DAH 

to determine survival rate (SR), dry weight (DW), relative growth rate (RGR) and feed 

conversion rate (FCR). Whole fish and vertebral columns were sampled at the end of 

the experimental period for analysis of selected minerals.  
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Biochemical analysis 

Proximate composition and mineral analysis of fish and/or feed were performed as 

described in Chapter II. 

 

Quantitative X-ray microradiograph imaging (qXRI) 

The relative bone mineral content (bone density) of 81 DAH Senegalese sole 

vertebrae was determined using qXRI, as described in Chapter II with the following 

details: digital X-ray images of whole fish were recorded at a 30 μm/pixel resolution; 

Settings were: X-ray energy 35kV; exposure 3x45s; FOV 120; focal plane 20. 

 

Evaluation of vertebral mineral apposition rate (MAR) 

The determination of the MAR in 81 DAH Senegalese sole post-larvae vertebrae 

was performed as described in Chapter II. Fish were initially stained with calcein at 

60 DAH. 

 

Vertebral malformation scoring 

An evaluation of the degree of severity of observed vertebral column 

malformations was performed as described in Chapter II. 40 fish were sampled in 

each replicate (n=160 per dietary treatment).  

 

Data analysis 

Results are expressed as means ± standard deviation (SD) from treatment 

replicates (n=4). Detection of group mean differences was tested by means of two-

way ANOVA, where effects of dietary Mn and Zn levels and its interaction were 

examined. The significance level was p < 0.05. Data were previously checked for 

normal distribution and homogeneity of variances and results expressed as a 

percentage were based on arcsine transformed data (Ennos, 2007). All statistical tests 

were performed using the GraphPad Prism software (Version 5.0; GraphPad Software, 

San Diego, CA, USA). 

 

Results 

Growth performance 

The growth performance parameters, of 81 DAH Senegalese sole post-larvae, 

are shown in Table 20. In all treatments, survival was high (>84%). An increase of 

dietary Zn level, from 100 to 130 mg.kg
-1

, resulted in a significantly higher survival 

(p<0.05), while changes on dietary Mn levels had no effect on survival (p>0.05). 
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Standard length (SL) was not significantly affected by dietary treatments (p>0.05). For 

all treatments, fish post-larvae increased their dry weight (DW) by at least fifty-fold 

(initial dry weight: 0.008 g). Fish fed diets with the highest Zn levels (130 mg.kg
-1

 

feed) presented a significantly lower DW (p<0.05) than those fed diets with the lower 

level of Zn (100 mg.kg
-1

). However, the relative growth rate (RGR) was not significantly 

affected by dietary treatments (p>0.05). Similarly, feed conversion rate (FCR) was not 

significantly affected by changes on dietary Mn and Zn levels (p>0.05).  

 

Table 20. Growth performance of sole post-larvae fed the experimental diets for 39 

days. 

  Two-way ANOVA  

 Dietary treatments (* p<0.05) 

 M45Z100 M45Z130 M90Z100 M90Z130 Mn Zn MnxZn 

Survival, % 86.9 ± 4.9 91.3 ± 6.5 84.1 ± 2.9 91.3 ± 5.3 - * - 

SL, cm 5.27 ± 0.19 5.07 ± 0.25 5.28 ± 0.14 5.18 ± 0.12 - - - 

DW, g 0.43 ± 0.04 0.39 ± 0.04 0.45 ± 0.04 0.41 ± 0.04 - * - 

RGR, %.day
-1

 10.69 ± 0.62 10.86 ± 0.77 10.77 ± 0.35 11.12 ± 1.12 - - - 

FCR 0.75 ± 0.06 0.79 ± 0.09 0.75 ± 0.07 0.77 ± 0.06 - - - 

Values are presented as means ± standard deviation (n=4).  

* Denotes a statistical difference at a significance level of p<0.05. 

 

 

Whole-body mineral composition and deposition rate 

Whole-body mineral composition of 81 DAH Senegalese sole fed the different 

dietary treatments is presented in Table 21. An elevation of dietary Mn level, from 45 

to 90 mg.kg
-1

, resulted in a significant increase of whole-body Mn content and daily 

Mn deposition rate (p<0.05). Whole-body content and deposition rate of all other 

minerals was unaffected (p>0.05) by changes on dietary Zn levels. 
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Table 21. Whole-body content and daily deposition rate of minerals in sole post-

larvae. 

  Two-way ANOVA 

 Dietary treatments (* p<0.05) 

 M45Z100 M45Z130 M90Z100 M90Z130 Mn Zn MnxZn 

Whole-body 

P, g/kg DM 9.19 ± 0.52 9.36 ± 0.39 9.42 ± 0.43 9.16 ± 0.26 - - - 

Ca, g/kg DM 27.65± 0.56 27.64 ± 1.42 27.70 ± 1.02 27.49 ± 0.97 - - - 

Na, g/kg DM 4.95 ± 0.22 5.00 ± 0.40 4.84 ± 0.32 5.21 ± 0.45 - - - 

K, g/kg DM 14.79 ± 0.38 14.93 ± 0.29 15.02 ± 0.91 14.54 ± 0.50 - - - 

Mg, g/kg DM 1.28 ± 0.13 1.26 ± 0.04 1.29 ± 0.07 1.23 ± 0.05 - - - 

Cu, mg/kg DM 6.96 ± 0.41 6.79 ± 0.49 6.73 ± 0.68 6.85 ± 0.74 - - - 

Fe, mg/kg DM 179.79 ± 1.86 182.92 ± 8.76 181.40 ± 5.95 175.54 ± 9.51 - - - 

Mn, mg/kg DM 17.01 ± 0.82 16.25 ± 1.41 22.15 ± 0.57 21.49 ± 1.70 * - - 

Zn, mg/kg DM 42.43 ± 1.04 41.98 ± 3.93 42.22 ± 1.43 43.59 ± 1.79 - - - 

        

Daily mineral deposition (µg/g/day) 

P 86.48 ± 6.30 88.80 ± 4.86 88.67 ± 3.34 87.29 ± 3.58 - - - 

Ca 259.38± 8.97 261.49 ± 16.01 259.83 ± 8.44 261.34 ± 12.33 - - - 

Na 46.15 ± 2.48 47.04 ± 4.54 45.08 ± 3.35 49.36 ± 5.44 - - - 

K 138.24 ± 5.58 140.82 ± 3.82 140.53 ± 7.57 138.82 ± 7.30 - - - 

Mg 11.92 ± 1.34 11.87 ± 0.50 12.04 ± 0.64 11.63 ± 0.62 - - - 

Cu 0.07 ± 0.00 0.07 ± 0.00 0.06 ± 0.01 0.07 ± 0.01 - - - 

Fe 1.68 ± 0.04 1.73 ± 0.08 1.70 ± 0.05 1.66 ± 0.07 - - - 

Mn 0.17 ± 0.01 0.16 ± 0.01 0.22 ± 0.00 0.21 ± 0.01 * - - 

Zn 0.39 ± 0.02 0.39 ± 0.03 0.39 ± 0.02 0.41 ± 003 - - - 

Values are presented as means ± standard deviation (n=4).  

* Denotes a statistical difference at a significance level of p<0.05. 

 

Bone mineralization and skeletal deformities 

Vertebral bone mineral content of sole post-larvae fed the various diets is presented 

in Table 22. An elevation of dietary Mn level, from 45 to 90 mg.kg-1, resulted in a 

significant increase of bone Mn content. An elevation of dietary Zn level, from 100 to 

130 mg.kg-1, resulted in a significant increase of bone Na content (p<0.05). Vertebral 

bone content of all other minerals was unaffected (p>0.05) by dietary changes. 

Similarly, X-ray microradiograph imaging showed that the vertebral bone density was 

also not affected by dietary treatments (p>0.05: Table 22). Fish fed the different 

dietary treatments did not present a high level of severe malformations (<10%), that 

is, any type of malformations that alters the gross morphology of fish. Fish fed the 

different dietary treatments presented no statistical differences (p>0.05) in severe 
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malformation scoring in the abdominal or caudal region of the vertebral column 

(Table 22). 

 

Table 22. Vertebral bone mineral content, bone density and skeletal malformations 

in sole post-larvae. 

  Two-way ANOVA   

 Dietary treatments (* p<0.05) 

 M45Z100 M45Z130 M90Z100 M90Z130 Mn Zn MnxZn 

P, g/kg 44.81 ± 2.82 45.11 ± 2.26 43.88 ± 2.90 45.17 ± 0.46 - - - 

Ca, g/kg 183.50 ± 12.61 169.76 ± 4.31 183.04 ± 17.40 177.47 ± 13.38 - - - 

Na, g/kg 2.97 ± 0.10 3.11 ± 0.13 2.74 ± 0.18 3.25 ± 0.08 - * * 

K, g/kg 18.35 ± 6.49 16.53 ± 4.39 21.43 ± 4.35 20.92 ± 5.29 - - - 

Mg, g/kg 4.66 ± 0.20 5.33 ± 0.28 4.71 ± 0.26 5.03 ± 0.51 - - - 

Cu, mg/kg 0.53 ± 0.13 0.42 ± 0.08 0.44 ± 0.19 0.41 ± 0.24 - - - 

Mn, mg/kg 129.07 ± 3.61 123.69 ± 10.54 165.60 ± 13.16 167.55 ± 19.34 * - - 

Zn, mg/kg 60.01 ± 1.97 60.00 ± 4.79 59.53 ± 1.43 62.28 ± 5.60 - - - 

        

Bone density 

(grey level) 
166.92 ± 9.56 164.82 ± 1.57 174.91 ± 8.78 165.01 ± 7.06 - - - 

        

Skeletal malformations score**      

Abdominal 1.06 ± 0.05 1.02 ± 0.16 1.23 ± 0.17 0.89 ± 0.26 - - - 

Caudal 1.01 ± 0.03 0.99 ± 0.25 1.21 ± 0.21 0.84 ± 0.27 - - - 

Caudal 

complex 
0.37 ± 0.13 0.34 ± 0.15 0.49 ± 0.11 0.25 ± 0.11 - * - 

Values are presented as means ± standard deviation (n=4).  

* Denotes a statistical difference at a significance level of p<0.05. 

** Score range: 0 (no radiographic alterations) to 3 (presence of severe vertebral 

malformations that alter the gross morphology of fish) 

 

However, fish fed diets with the highest Zn levels (130 mg.kg
-1

 feed) presented a 

significantly lower malformation rating in the caudal complex region of the vertebral 

column (p<0.05) than those fed diets with the lower level of Zn (100 mg.kg
-1

). 

Changes on dietary Mn levels had no effect (p>0.05) on malformation scoring in any 

anatomical region of the vertebral column. The vertebral mineral apposition rate 

(MAR) of 81 DAH Senegalese sole, fed the different dietary treatments, is shown in 

Figure 32. No statistical differences were observed in the MAR of selected vertebrae 

of fish fed diets with different levels of Mn and Zn (p>0.05). 

 



 IV – Premix optimization / In Vivo / Minerals 

 124 

 

Figure 32. Graphical representation of vertebral mineral apposition rates of 

Senegalese sole fed basal diets supplemented with Mn and Zn. Values are mean + SD 

(n=4).  

 

Discussion 

  Over the last decade significant advances have been achieved on fish larval 

nutrition, which resulted in faster growing larvae, higher survival rates and better-

quality juveniles. Optimal nutrition at the early developmental stages plays a pivotal 

role on fostering growth performance, skeletal development and stress resistance 

(Hamre et al., 2013; Rønnestad et al., 2013), not only at the larvae stage, but 

potentially also, through epigenetic changes, with life-long effects (Pittman et al., 

2013; Canada et al., 2016; Panserat et al., 2017). However, there are still areas on 

the nutritional requirements of fish larvae, in which knowledge is lacking, leaving 

therefore room for substantial improvements.  

 

Although trace minerals are essential nutrients with a critical role in several 

physiological, metabolic and hormonal pathways, and consequently on survival, 

growth, feed utilization, skeletal formation, immune response and susceptibility to 

pathologies, knowledge on the qualitative and quantitative requirements in fish 

larvae is extremely incipient (Boglione et al., 2013b; Berillis, 2015; Chanda et al., 

2015). Todays’ microdiets for marine fish larvae are generally formulated with 

extremely high levels of premium marine-derived ingredients, such as fish meal, krill 

meal, squid meal, and marine protein hydrolysates, which are generally rich in most 

essential macro and trace minerals. Although not based on scientific requirement’s 

data, such larval microdiets are not expected to be nutritionally limiting in terms of 

trace minerals. However, as with almost all other nutritional components, at a highly 
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sensitive life stage such as larvae, minor deviations from the optimal balance of the 

various nutrients may have significant effects on a vast array of biological processes. 

In our study, average performance criteria of Senegalese sole at 81 DAH (survival 88%; 

DW 0.42 g; RGR 10.86 %.day
-1

) can be considered as within the expected ranges 

according to a recent review (Pinto et al., 2018) describing the historical progress in 

weaning strategies for Senegalese sole larvae. Our data shows that an increase of 

dietary Zn level, from 100 to 130 mg.kg
-1

 enhanced survival of sole post-larvae. In 

rainbow trout (initial weight of 82.3 mg), a dietary Zn supplementation (from 65 to 

90 mg.kg
-1

) also led to an increase of survival, though dependent on the Zn form 

(Shahpar and Johari, 2018). In gilthead seabream larvae, although made in the 

context of a combined supplementation with Se and Mn, an increase of Zn levels 

(from 86 to 110 mg/kg) resulted in lower survival (Izquierdo et al., 2016). This 

potential toxic effect of Zn requires further clarification since higher Zn levels are 

commonly found in enriched live feeds (copepods and Artemia) without inducing any 

detrimental effects on the survival of several other marine species. For instance, in 

red seabream larvae, Zn supplementation of Artemia nauplii (from119 to 423 mg/kg 

dry weight) had no effect on survival (Nguyen et al., 2008). In our study, although 

increasing survival, the increase of dietary zinc level was also associated to a 

reduction of growth in terms of dry weigh (DW), but not on RGR. This finding is 

somewhat conflicting with those of a recent study that assessed the concomitant use 

of various sources of organic, inorganic and nanoparticles of Se, Zn and Mn in early 

weaning diets for gilthead seabream (Izquierdo et al., 2016). Although not tested as 

individual trace minerals, the combined supplementation with Mn (from 3 to 15 

mg/kg), Zn (from 86 to 110 mg/kg) and selenium (from 2 to 5 mg/kg) led to a higher 

growth of gilthead seabream larvae fed from 20 to 44 DAH. Similarly, an increase on 

dietary Zn levels have been shown to enhance growth in rainbow trout fry (Shahpar 

and Johari, 2018). In larval nutrition trials, a scenario of variable survival may cause 

difficulties on the precise assessment of growth performance. A higher survival of 

smaller-size sole post-larvae in treatments fed diets with the highest Zn level may 

have led to an artefactual reduction of DW, even though dietary Zn had no effect on 

the growth performance of fish. A statistical analysis performed on the best 

performing 50% cohort of sampled fish (data not shown) showed that dietary zinc 

levels had no significant effect on DW of sole post-larvae. Similarly, Zn 

supplementation of Artemia nauplii had no effect on the growth performance of red 

seabream larvae (Nguyen et al., 2008). In zebrafish, graded dietary levels of zinc 

sulphate up to 120 mg.kg
-1

 had no effect on survival and total length, while higher 
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dietary levels of zinc (240 and 480 mg/kg) increased larvae mortality (Roberto et al., 

2018). The absence of beneficial or detrimental effects of a zinc supplementation 

above requirements has also been reported in juvenile fish from several species, such 

as channel catfish (Li and Robinson, 1996), Nile tilapia (Do Carmo e Sá et al., 2004), 

striped seabass (Buentello et al., 2009), European seabass (Fountoulaki et al., 2010) 

and yellow catfish (Luo et al., 2011). In a previous study, Mn supplementation (from 

12 to 43 mg.kg
-1

 dry weight) of Artemia nauplii was found to significantly increase 

growth of red seabream larvae (Nguyen et al., 2008). In our study, changes on the 

dietary Mn levels (from 45 to 90 mg.kg
-1

) had no effect on the growth performance of 

sole post-larvae. Several other studies with small juvenile fish, also tend to show that 

a dietary Mn supplementation, above the estimated requirement level, does not result 

on a growth-promoting effect (Maage et al., 2000; Liu et al., 2013; Liang et al., 2015). 

 

A meta‐analysis of literature data on mineral and trace element requirements 

of fish showed that vertebral mineral concentration is the most appropriate criteria 

to assess dietary adequacy of P, Ca, Zn and Mn (Antony Jesu Prabhu et al., 2014). Our 

data shows that sole post-larvae fed higher dietary Mn levels presented significantly 

higher levels of Mn in vertebral bone. Similarly, an increase on dietary Mn level 

resulted in a significantly higher daily Mn deposition at the whole-body level. This 

positive relationship between Mn intake and vertebral Mn content is confirmed by 

studies in juvenile channel catfish (Gatlin and Wilson, 1984) and grouper (Ye et al., 

2009). In sole post-larvae, the increase of dietary Zn level did not alter the mineral 

composition of vertebral bone and whole fish, at the exception of bone Na, which 

was increased at high dietary Zn levels. Although some studies have reported an 

increase of Zn in bone with the increase of dietary Zn (Li and Robinson, 1996; Do 

Carmo e Sá et al., 2004), our results fall in line with other studies (Fountoulaki et al., 

2010; Liang et al., 2012; Huang et al., 2015) that have shown that fish bone Zn 

concentrations remain stable even though dietary Zn levels were increased to levels 

similar and above the ones used in this study. To our knowledge an interaction 

between a higher intake of Zn and an increase of Na content in vertebral bone has 

never been reported in fish. Knowledge on the interactions among minerals is 

extremely scarce, adding further complexity to the topic of mineral nutrition in fish.  

 

The larval period is critical for bone development and the majority of skeletal 

anomalies arises from uncontrolled environmental and nutritional factors occurring 

at this stage (Boglione et al., 2013b). Despite often referred as critical nutrients for 
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skeletal development and bone remodelling, knowledge on the optimal dietary supply 

of trace minerals, such as Zn and Mn, in marine fish larvae is scarce. In osteology, 

zinc has an anabolic effect on osteogenesis by stimulating cell proliferation, alkaline 

phosphatase activity and collagen synthesis in osteoblastic cells, along with signs of 

improving Ca deposition in the extracellular bone matrix (Seo et al., 2010). 

Manganese plays an important role in the formation of bone cartilage and bone 

collagen, as well as in bone mineralization as it is a component of various enzymes 

involved in cartilage and bone metabolism. Manganese-dependent superoxide 

dismutase (Mn-SOD) activity can also favour bone formation over resorption by 

removing reactive oxygen species (ROS) that are known to modulate 

osteoclastogenesis (Callaway and Jiang, 2015) and osteoblast mediated 

mineralization (Arai et al., 2007). Most studies that report skeletal malformations or 

detrimental effects, in bone, associated to Mn and/or Zn supplementation, in fish, 

are due to sub-optimal levels of these same trace minerals (Baeverfjord et al., 2019). 

However, given the typical high incorporation levels of marine ingredients, 

commercial microdiets for marine fish larvae show a limited risk of nutritional 

deficiencies, in terms of trace minerals like Zn or Mn. Our study shows that a dietary 

elevation of both Mn (from 45 to 90 mg.kg
-1

) and Zn (from 100 to 130 mg.kg
-1

) had 

no effect on vertebrae density and mineral apposition rate. This lack of effects on 

vertebrae mineralization criteria are probably associated to the fact that dietary levels 

of Mn and Zn adopted in this study were enough to cover the fish larval requirements 

for these trace minerals. In fact, the dietary content of these trace minerals in the 

feed were well above the requirements recommended by NRC (2011) for juvenile fish. 

Nonetheless, results obtained in this study show that a dietary elevation of Zn (from 

100 to 130 mg.kg
-1

) resulted on a trend towards a lower malformation rating in the 

abdominal and caudal region and a statistically significant decrease in malformation 

rating in the caudal complex region of the vertebral column of Senegalese sole. 

Supporting these results, Nguyen et al. (2008) reported a decrease of anomalies in 

the dorsal fin rays of red seabream fed Zn-enriched Artemia. These authors 

suggested that the beneficial effects of Zn supplementation on skeletal development 

could be due to the stimulation of osteoblastic bone formation and inhibition of 

osteoclastic bone resorption by Zn, as demonstrated in mammalian cell cultures. 

Recently, Roberto et al. (2018) have shown that osteogenic markers (runx2, sp7, oc) 

were increased by dietary Zn supplementation (up to 120 mg.kg
-1

), indicating that 

appropriate amounts of Zn are critical to support normal bone formation in zebrafish 

larvae. However, care must be taken on further raising Zn levels, since high dietary 
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zinc levels may compromise larval survival in several fish (Izquierdo et al., 2016; 

Roberto et al., 2018).   

 

In the overall, our study suggests that Mn and Zn supplementation to a 

commercial microdiet for marine fish larvae, which generally contains high levels of 

marine ingredients, had no significant effect on the growth performance of 

Senegalese sole post-larvae. However, higher dietary levels of Mn (90 mg.kg
-1

) and Zn 

(130 mg.kg
-1

) could help improve larval survival, decrease the severity of vertebral 

malformations and increase the deposition of Mn in bone, that could be useful to 

counteract oxidative stress under certain stressful conditions. Further studies 

targeting a better understanding of the mechanistic role of trace minerals in bone 

metabolism in fish larvae are needed. Moreover, a detailed assessment on the effect 

of trace minerals on the immune status of fish larvae is necessary. 
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Chapter IV – Premix optimization 

 

 

IV.2. In Vivo studies  

 

IV.2.2. Vitamins 

 

IV.2.2.1. Effect of dietary B vitamins supplementation on growth and 

bone status of Senegalese sole (Solea senegalensis) post-larvae  
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IV.2.2.1. Effect of dietary B vitamins supplementation on growth and 

bone status of Senegalese sole (Solea senegalensis) post-larvae  

 

Introduction 

 Mass production of healthy, fast growing fish larvae and juveniles with high 

survival rates and a low incidence of skeletal deformities is a major concern for the 

aquaculture industry. A large number of marine fish produced under intensive rearing 

conditions are known to be affected by a high incidence of skeletal anomalies in early 

developmental stages (Boglione et al., 2013a). The incidence rate and severity of 

skeletal anomalies in larval and juvenile fish is linked to a poorly understood 

relationship between inadequate nutrition, unfavourable environmental rearing 

conditions and genetic factors (Lall and Lewis-McCrea, 2007). 

 

 A dietary imbalance of certain micronutrients such as vitamins are known to 

impact on fish larval ossification, consequently leading to an increase of skeletal 

anomalies and/or an imbalance in calcification (Boglione et al., 2013b). The 

continuous progress achieved on the quality of commercial microdiets led to its 

widespread use in marine hatcheries (Hamre et al., 2013; Pinto et al., 2018). However, 

knowledge on the dietary vitamin requirements of fish larvae is scarce. Often, 

requirements are extrapolated from data generated in juvenile fish (NRC, 2011) or 

derived from the analytical characterization of natural live feeds, such as marine 

copepods (van der Meeren et al., 2008; Conceição et al., 2010). An inadequate 

quantitative supply of vitamins has been associated to a disturbance of bone 

formation and mineralization in fish larvae (Darias et al., 2010a; Fernández and 

Gisbert, 2011; Boglione et al., 2013b; Hamre et al., 2013). Available studies on the 

effect of dietary vitamins on skeletogenesis of marine fish larvae are mostly focused 

on liposoluble vitamins such as vitamins A, D, E and K and the water-soluble vitamin 

C (Hamre et al., 2010; Boglione et al., 2013b; Richard et al., 2014). However, 

knowledge on the role of other water-soluble vitamins, such as those forming the B-

complex, is limited.  

 

 In general, B vitamins (thiamine, riboflavin, niacin, pantothenic acid, 

pyridoxine, biotin, folate and cyanocobalamin) have unique coenzyme functions in 

cellular metabolism, playing important roles in the energy-producing metabolic 

pathways for carbohydrates, fats and proteins and in maintaining functions of the 
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nervous system (Dai and Koh, 2015; NRC, 2011). A constant dietary supply of these 

nutrients is required to prevent deficiency signs, since these vitamins are not stored 

in body tissues. Given the high incorporation levels of marine ingredients and specific 

vitamin premixes, commercial microdiets for marine fish larvae show a limited risk 

of nutritional deficiencies, in terms of B vitamins. However, larval microdiets are 

highly prone to the leaching of water-soluble compounds prior to ingestion and are 

therefore worth a special attention to guarantee their adequate supply. When 

comparing the typical vitamin B content of commercial microdiets and the 

composition of marine copepods (van der Meeren et al., 2008), often used as the 

“golden standard” for marine larval nutrition, we observe that this live feed generally 

presents higher levels of thiamine, pyridoxin and cyanocobalamin.      

 

 Several reviews support the role of B vitamins and bone health in mammals 

(McLean and Hannan, 2007; Swart et al., 2013; Clarke et al., 2014). Thiamine (vitamin 

B1), in the active form thiamine pyrophosphate, is an important cofactor for enzymes 

involved in the metabolism of carbohydrates, lipids and amino acids, and in the 

synthesis of neurotransmitters. It is also essential for a number of important 

enzymatic steps in energy production, including both decarboxylation and 

transketolase reactions that occur in the cytoplasm of cells (Dai and Koh, 2015; 

Halver, 2002; NRC, 2011). Pyridoxin (vitamin B6), which in animal tissues is converted 

into the active form pyridoxal phosphate, is involved as a cofactor in enzymatic 

reactions involving amino acids, such as transamination, decarboxylation and 

dehydration. It is also involved in the synthesis of collagen, nucleic acids, porphyrins, 

neurotransmitters, glycogen catabolism, fat metabolism (especially essential fatty 

acids), synthesis of messenger RNA and in the functioning of the immune system (Dai 

and Koh, 2015; Halver, 2002; NRC, 2011). As a cofactor for lysyl oxidase, vitamin B6 

is essential for the enzymatic action of lysyl oxidase in collagen cross-linking 

formation and therefore on bone remodelling. Cyanocobalamin (vitamin B12) 

contains a cobalt atom and is required for normal maturation and development of 

erythrocytes, for the metabolism of cholesterol, glycols and fatty acids, purine and 

pyrimidine biosynthesis and for the normal recycling of tetrahydrofolic acid (Dai and 

Koh, 2015; Halver, 2002; NRC, 2011). In mammalian systems, vitamin B12 was found 

to increase osteoblastic proliferation and alkaline phosphatase activity, implying its 

direct effect on proliferation and formation of osteoblasts. Little knowledge exists on 

the relationship between skeletogenesis and dietary B vitamins in fish larvae. 

However, an in vitro work with skeletal cells developed from gilthead seabream 
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vertebra (VSa13) has a demonstrated a pro-mineralizing effect of thiamine and 

pyridoxine (Viegas et al., in press). 

 

 A study was undertaken to determine whether a supplementation of three B 

vitamins (thiamine, pyridoxin and cyanocobalamin), individually and in combination 

could improve survival, growth and skeletal status of Senegalese sole (Solea 

senegalensis) post-larvae. 

 

Materials and methods 

Experimental diets 

The trial comprised five dietary treatments (Table 23). All experimental diets 

were based on a single commercial feed formulation (WINFlat
®

, SPAROS LDA, 

Portugal), which contained 60.7 mg/kg of thiamine, 41.2 mg/kg of pyridoxine and 

20 mg/kg of cyanocobalamin (control diet (CTRL)). This same basal formulation was 

supplemented at the manufacturing stage with either thiamine HCl at 180 mg/kg 

(diet B1), pyridoxine HCL at 120 mg/kg (diet B6) or cyanocobalamin at 0.8 mg/kg 

(diet B12). An additional diet was manufactured with the simultaneous 

supplementation of thiamine, pyridoxine and cyanocobalamin at the doses previously 

referred (diet ALL). In comparison to the CTRL diet, supplementation resulted in a 4-

fold increase of thiamine and pyridoxine and a 5-fold increase for cyanocobalamin 

levels in test diets (Table 23). A detailed listing of raw materials and additives cannot 

be disclosed due to industrial trade secret. Nevertheless, the formula contains high 

levels of premium marine and plant protein sources (>75% of combined crustacean 

meal, squid meal, marine zooplankton meal, fish hydrolysates, fishmeal, wheat 

gluten, pea protein concentrate and fish gelatine), while lipids are provided by marine 

oils and a vegetable lecithin source. 

Diets were produced at SPAROS LDA (Olhão, Portugal). Powder ingredients 

were initially mixed according to each target formulation in a double-helix mixer, 

being thereafter ground in a micropulverizer hammer mill (SH1, Hosokawa-Alpine, 

Germany). The oils were subsequently added and after a moisturizing step, diets were 

agglomerated through low-shear extrusion (Dominioni Group, Italy). Upon extrusion, 

diets were dried in a vibrating fluid bed dryer. Dry microparticles were subsequently 

sieved to the desired size ranges (400-600 and 600-800 µm). Diets were kept at 4ºC 

until used. Samples of each diet were taken for relevant analytical characterization 

(Table 23). 
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Table 23. Proximate, vitamin and mineral composition of experimental diets. 

  CTRL B1 B6 B12 ALL 

Dry matter (DM), % 92.1 ± 1.3 90.9 ± 0.7 90.8 ± 0.2 89.7 ± 0.4 90.1 ± 0.1 

Ash, % DM 9.0 ± 0.1 9.0 ± 0.1 9.1 ± 0.1 9.2 ± 0.1 9.0 ± 0.1 

Crude protein, % DM 62.5 ± 0.2 62.8 ± 0.1 62.4 ± 0.1 61.8 ± 0.1 62.0 ± 0.0 

Crude fat, % DM 18.8 ± 0.1 18.5 ± 0.0 18.8 ± 0.1 18.5 ± 0.1 18.7 ± 0.1 

            

Vitamin B1, mg/kg DM 61 ± 4 243 ± 7   246 ± 8 

Vitamin B6, mg/kg DM 41 ± 2  165 ± 7  163 ± 8 

Vitamin B12, mg/kg DM 0.2 ± 0.0   1.0 ± 0.0 1.0 ± 0.1 

Vitamin A, mg/kg DM 17.9 ± 0.4     

Vitamin D3, IU/kg DM 2680 ± 47     

Vitamin E, mg/kg DM 718 ± 13     

Vitamin K3, mg/kg DM 84 ± 6     

Vitamin C, mg/kg DM 2554 ± 37     

Vitamin B2, mg/kg DM 62 ± 8     

Vitamin B3, mg/kg DM 441 ± 14     

Vitamin B5, mg/kg DM 206 ± 32     

Vitamin B9, mg/kg DM 30 ± 2     

Choline, mg/kg DM 1007 ± 72     

Inositol, mg/kg DM 1142 ± 87     

      

Phosphorus, g/kg DM 18.7 ± 2.4 17.1 ± 0.1 18.7 ± 2.6 18.2 ± 1.1 17.7 ± 0.6 

Calcium, g/kg DM 12.3 ± 0.2 11.7 ± 0.3 11.2 ± 0.4 11.0 ± 0.4 12.8 ± 0.5 

Sodium, g/kg DM 9.3 ± 0.9 8.8 ± 0.4 8.9 ± 1.2 8.8 ± 0.2 8.5 ± 0.2 

Potassium, g/kg DM 6.9 ± 0.4 6.8 ± 0.6 7.8 ± 0.7 7.3 ± 0.7 7.3 ± 0.7 

Magnesium, g/kg DM 1.9 ± 0.2 1.5 ± 0.1 1.6 ± 0.3 1.6 ± 0.1 1.4 ± 0.1 

Copper, mg/kg DM 14.5 ± 3.6 16.6 ± 4.8 14.2 ± 3.3 13.5 ± 1.0 13.1 ± 1.3 

Iron, mg/kg DM 171 ± 45 143 ± 4 154 ± 29 185 ± 20 148 ± 4.0 

Manganese, mg/kg DM 68.6 ± 8.1 63.0 ± 2.1 65.1 ± 9.9 65.2 ± 1.1 61.3 ± 2.5 

Zinc, mg/kg DM 124 ± 20 119 ± 4 130 ± 20 124 ± 5 117 ± 6 

 

 

Fish rearing and sampling 

Senegalese sole post-larvae with 20 days after hatching (DAH) originating from 

SAFIESTELA/SEA8 (Rioalto, Portugal) were reared at IPIMAR facilities (Olhão, Portugal). 

Fish were initially acclimatized to 15 white plastic trays (0.1 m
2

, 8 L), previously 

prepared with clean seawater and aeration. Trays were maintained in a semi-closed 

water recirculating system with four water renewals h
− 1

. Fish density in each tray was 

2700 post-larvae m
− 2

. Light intensity was 40 lx and light:dark cycles of 3:21 h were 

used to maximize feed ingestion, since Senegalese sole exhibits a pronounced 

nocturnal feeding behaviour (Navarro et al., 2009). Fish were initially fed with frozen 

enriched Artemia. At 32 DAH fish were suddenly weaned onto a commercial control 

diet (WINFlat, SPAROS Lda.). At 43 DAH, the five dietary treatments were randomly 

distributed by the rearing trays in triplicate. Feeding was performed using automatic 

feeders, where the experimental diets were distributed to the fish in eight meals per 

day, each meal lasting a period of 2 h following a 1 h break. System water parameters 

were measured daily with commercial probes and adjusted to maintain temperature 
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at 20 °C, oxygen saturation level above 90% and salinity at 35 g L 
−1

. At 59 DAH fish 

were submitted to a live calcein staining (described below). Fish were sampled at 74 

DAH to determine dry weight (DW), relative growth rate (RGR) and feed conversion 

rate (FCR). Survival rate (SR) in each treatment was determined at the end of the 

experiment. Whole fish and vertebral columns were also sampled at the end of the 

experimental period to evaluate vertebral density, incidence of skeletal 

malformations and mineral apposition rate.  

 

Biochemical analysis 

Proximate composition, mineral and vitamin analysis of feed and/or fish were 

performed as described in Chapter II. 

 

Quantitative X-ray microradiograph imaging (qXRI) 

The relative bone mineral content (bone density) of 74 DAH Senegalese sole 

vertebrae was determined using qXRI, as described in Chapter II with the following 

details: digital X-ray images of whole fish were recorded at a 30 μm/pixel resolution 

with the following settings: X-ray energy 35kV; exposure 3x45s; FOV 120; focal plane 

20. 

 

Evaluation of vertebral mineral apposition rate (MAR) 

The determination of the MAR in 74 DAH Senegalese sole post-larvae vertebrae 

was performed as described in Chapter II. Fish were initially stained with calcein at 

59 DAH. 

 

Vertebral malformation scoring 

An evaluation of the degree of severity of observed vertebral column 

malformations was performed as described in Chapter II. 10 fish were sampled in 

each replicate (n=30 per dietary treatment).  

 

Data analysis 

Results are expressed as means ± standard deviation (SD) from treatment 

replicates (n=3). Detection of mean differences between dietary treatments was 

tested by means of one-way ANOVA, where the significance level was p < 0.05. Data 

were previously checked for normal distribution and homogeneity of variances and 

results expressed as a percentage were based on arcsine transformed data (Ennos, 
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2007). All statistical tests were performed using the GraphPad Prism software 

(Version 5.0; GraphPad Software, San Diego, CA, USA). 

 

Results 

Growth performance 

The growth performance parameters, of 74 DAH Senegalese sole post-larvae, 

including DW, SL, RGR, SR and FCR of fish fed the different dietary treatments are 

shown in Table 24. For all treatments, fish post-larvae increased their DW by, at least, 

forty-fold (initial dry weight: 0.004 g). Dietary vitamin supplementations, either 

individually or concomitantly had no significant effect on the various growth 

performance criteria (p>0.05). 

 

Table 24. Growth performance of sole post-larvae fed the experimental diets for 31 

days. 

 CTRL B1 B6 B12 ALL P-value 

Survival, % 50.3 ± 1.6 64.0 ± 12.8 57.5 ± 5.1 63.3 ± 12.7 55.7 ± 12.0 0.637 

SL, cm 3.79 ± 0.05 3.83 ± 0.28 3.97 ± 0.09 3.69 ± 0.09 3.65 ± 0.07 0.245 

DW, g 0.21 ± 0.01 0.21 ± 0.03 0.20 ± 0.04 0.18 ± 0.00 0.18 ± 0.02 0.178 

RGR, %.day
-1

 13.15 ± 0.67 13.01 ± 0.49 12.77 ± 0.42 13.14 ± 0.38 13.05 ± 0.90 0.847 

FCR 0.91 ± 0.08 0.79 ± 0.10 0.82 ± 0.14 0.80 ± 0.04 0.76 ± 0.02 0.325 

Values are presented as means ± standard deviation (n=3).  

 

Bone status 

 Mineral apposition rate (MAR) and density of 74 DAH sole vertebrae were not 

affected by dietary treatments (p>0.05) (Table 25, Figure 33A and Figure 33B). Fish 

fed the different dietary treatments did not present a high level of severe 

malformations, that is, any type of malformations that alters the gross morphology 

of fish. Similarly, sole post-larvae fed the different dietary treatments presented no 

statistical differences (p>0.05) in severe malformation scoring in the abdominal, 

caudal or caudal complex regions of the vertebral column (Figure 33C). 
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Table 25. Mineral apposition rate, bone density and skeletal malformations in sole 

post-larvae.  

 CTRL B1 B6 B12 ALL P-value 

MAR, µm/day 23.9 ± 1.2 24.7 ± 1.7 23.0 ± 2.1 22.5 ± 0.6 22.1 ± 2.3 0.418 

Density, GL 183.2 ± 2.6 179.8 ± 4.5 180.9 ± 4.8 185.2 ± 4.4 181.7 ± 1.7 0.633 

       

Skeletal malformations score* 

Abdominal 0.59 ± 0.42 0.13 ± 0.23 0.40 ± 0.20 0.40 ± 0.35 0.27 ± 0.46 0.858 

Caudal 1.14 ± 0.40 0.60 ± 0.20 0.73 ± 0.12 0.87 ± 0.12 0.90 ± 0.46 0.587 

Caudal complex 0.53 ± 0.46 0.47 ± 0.42 0.47 ± 0.31 0.73 ± 0.31 0.53 ± 0.50 0.810 

Values are presented as means ± standard deviation (n=3).  

* Score: 0 (no radiographic alterations) to 3 (presence of severe vertebral malformations that 

alter the gross morphology of fish). 

 

A) 

 

B) 

 

C)  

 

Figure 33. Mineral apposition (A), bone density (B) and skeletal malformations (C) in 

sole post-larvae. 
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Discussion 

 Feeding fish larvae with formulated feeds entails several challenges with respect 

to water-soluble vitamins, including aspects related to the feed (e.g. vitamin 

processing stability, nutrient leaching) and the larvae (variable intake, immature 

gastrointestinal tract, variable bioavailability of vitamins and vitamin excretion). 

Consequently, exact minimum requirements of water-soluble vitamins are difficult to 

estimate, and established recommendations need to consider such imperfect 

conditions. While vitamin C deficiency causes drastic changes (Halver, 2002a), lack of 

B-vitamins is less obvious to reveal, especially at larval and juvenile stages of farmed 

species that normally experience high mortalities early in the larvae production chain 

(Waagbø, 2010)). Dietary B-vitamins requirements have been suggested to be higher 

at larval stages compared with juvenile and adult stages and analysis of vitamins in 

fish eggs and natural live pray supports this assumption (Dabrowski, 1986). Given 

the high sensitivity of fish larvae to potential nutritional deficiencies, larval microdiets 

should contain safe and surplus vitamin levels to compensate for varying biological 

and technical conditions.  

 Most studies on vitamins in juvenile fish target the establishment of nutritional 

requirements and therefore rely on a basal deficient scenario that is afterwards 

supplemented with graded levels of a given vitamin. In our study, the effect of the 

various supplemental vitamins (thiamine, pyridoxine and cyanocobalamin 

(individually and in combination) was tested on a premium commercial microdiet, 

which is not expected to be nutritionally limiting in terms of B-vitamins. Therefore, 

our objective was to assess if a 4-fold increase of thiamine (vitamin B1), pyridoxine 

(vitamin B6) and a 5-fold increase of cyanocobalamin (vitamin B12) could bring 

additional benefits in terms of growth performance and skeletal development. Growth 

performance criteria measured in our study fall in line with values commonly reported 

for Senegalese sole larvae (Pinto et al., 2018). Still, we found no increased beneficial 

effect on growth or survival of Senegalese sole post-larvae when the basal diet was 

further supplemented with vitamins B1, B6 or B12, either individually or in 

combination. Previous studies in various fish species tend to show a trend towards 

improved growth with increased dietary levels of B-vitamins, up to a level where these 

beneficial effects plateaus. This was the case for vitamin B1 in juvenile Schizothorax 

prenanti, a species of ray-finned fish found in China (Xiang et al., 2016), where the 

growth improvements remained nearly unchanged with levels over 21.5 mg.kg
-1

. 

Similarly, dietary levels of vitamin B6 over 5 mg.kg
-1

 and vitamin B12 over 

0.051 mg.kg
-1

 did not result on performance gains in juvenile Jian carp (He et al., 
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2009) and fingerling blunt snout bream (Li et al., 2016). According to NRC (2011) 

and based mostly on data from juvenile fish, dietary requirements for the selected 

vitamins range 0.5-15 mg.kg
-1

 for vitamin B1, 1-20 mg.kg
-1

 for vitamin B6 and 0.015–

0.094 mg.kg
-1

 for vitamin B12. Even though we consider that fast-growing larvae have 

higher requirements than juveniles, it is important to note that our unsupplemented 

CTRL diet, contains significantly higher levels of vitamins B1, B6 and B12 (Table 23), 

than maximum values presented by NRC (2011). Therefore, the absence of 

augmented growth or survival with vitamins B1, B6 and B12 supplementation is most 

probably because our control diet already contained close to optimum levels of such 

B vitamins.  

 

 When assessing a dietary supplementation strategy, we should also not discard 

other critical aspects in larvae nutrition, such as nutrient leaching into the 

surrounding water and nutrient losses during the feed manufacturing process. When 

feeding Senegalese post-larvae with microdiets, the feed particles used are of small 

size (400-800 µm) which leads to a high surface/volume ratio, making them prone to 

nutrient leaching. Hamre (2006) has reported protein leaching rates, for larval feeds, 

of 18-42% within two minutes of hydration. Although not measured, leaching of 

water-soluble B-vitamins is also expected to be high in larval microdiets. This may 

result on variable nutrient intakes and create a confounding factor on evaluating the 

efficacy of a given dietary supplementation. Moreover, Nordgreen et al. (2008) 

reported losses of as high as 90% of thiamine during the production of cross-linked 

protein microencapsulated diets for marine fish larvae. In our study, all diets were 

manufactured by cold-extrusion, a process that minimizes processing losses of heat 

labile nutrients such as vitamins. Internal SPAROS data on the stability of vitamins in 

the commercial diet used as control, shows that processing losses of B-vitamins are 

low (<5%) (data not shown). Additionally, the use of high levels of fish gelatine as a 

binder contributes also to a reduction of leaching losses. The use of encapsulation 

technologies to help reduce the amount of any water-soluble nutrients that leach into 

water would be beneficial in the effective dietary delivery of nutrients to larval fish 

(Kolkovski, 2013). Further studies are required to assess the leaching losses of water-

soluble vitamins in microdiets for marine fish larvae.     

 

 In humans, due to their important physiological roles, B vitamins are a group of 

nutrients that have been investigated for their possible roles in bone health and the 

association between various B vitamins (B2, B6, folate, or B12) and a lower risk of 
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osteoporosis or hip fracture has also been demonstrated in several observational 

studies (Palacios, 2006). In fish, most studies focus on situations of deficiency. In the 

case of thiamine (vitamin B1), dietary deficiency signs in salmonids consisted of 

anorexia, poor growth and neurological disorders, while no effect on the skeletal 

tissue has been reported (Tacon, 1995). Pyridoxine (vitamin B6) has a major role in 

amino acid and protein metabolism and its deficiency generally results in excessive 

nitrogen excretion and impaired tryptophan metabolism. Salmonids and gilthead 

seabream fed pyridoxine-deficient diets showed poor growth performance, anorexia, 

neurological disorders (lack of coordination of muscle movements, hyperirritability, 

erratic and rapid swimming behaviour) and excessive flexing of the operculum (NRC, 

2011; Tacon, 1995). Data on the effects of cyanocobalamin (vitamin B12) on fish 

species indicated that dietary deficiency resulted in poor growth and severe anaemia 

in salmonids (Halver, 2002a), whereas no signs of deficiency were associated to the 

skeletal tissue in fish. Our data on bone status, obtained under an apparent optimal 

nutritional condition, show that increasing dietary levels of vitamin B1, B6 and B12, 

individually or in combination, has no significant effect on vertebral growth, density 

or on the incidence of vertebral malformations. 

 

 The overall results of this study show that there are no clear benefits on enhancing 

the growth performance and bone status of Senegalese sole post-larvae associated 

to a further supplementation of the current commercial larval feed (WINFlat
®

) with 

thiamine, pyridoxine and cyanocobalamin vitamins. Nevertheless, the role of B-

vitamins on the modulation of immune competence is attracting interest in humans. 

Therefore, its use “beyond requirement levels” to reinforce the immune status is an 

area worth exploring in fish larvae. 
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Chapter IV – Premix optimization 

 

 

IV.2. In Vivo studies  

 

IV.2.2. Vitamins 

 

IV.2.2.2. Effect of lowering the dietary choline content on growth and 

bone status of Senegalese sole (Solea senegalensis) post-larvae  
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IV.2.2.2. Effect of lowering the dietary choline content on growth and 

bone status of Senegalese sole (Solea senegalensis) post-larvae  

 

Introduction 

The feeding of marine fish larvae remains a challenge even though in recent 

years a significant amount of research has allowed relevant progress on the quality 

of commercial microdiets for marine fish larvae. While studying larvae nutrition, 

efforts were focused on generating new knowledge on the digestion capacity (e.g. 

developmental morphology, enzyme activities) (Rønnestad et al., 2013; Gilannejad et 

al., 2018) and nutrient fluxes in relation to feed intake, digestion and absorption, 

metabolism and growth partitioning (Conceição et al., 2010; Hamre et al., 2013; 

Rønnestad et al., 2013). Due to its economic impact and detrimental welfare image, 

the mitigation of skeletal malformations in larvae and juvenile fish is another area 

which has gained relevancy in recent years (Boglione et al., 2013a, 2013b). The 

development and severity of skeletal disorders in larval fish is linked to a poorly 

understood relationship between inadequate nutrition, unfavourable environmental 

conditions and genetic factors. However, any improvement on larval microdiets relies 

on the information of the nutritional requirements of marine fish larvae, both 

qualitatively and quantitatively, which is still extremely incipient (Holt, 2011). 

 

Choline is an essential nutrient that is closely related to the B-vitamin group. 

It is a precursor for the neurotransmitter acetylcholine, it serves as a source of labile 

methyl groups for the synthesis of various methylated metabolites and is a 

component of phosphatidylcholine, a phospholipid class that has structural functions 

in biological membranes (NRC 2011). The requirement for choline in juvenile fish is 

estimated at 400 – 3000 mg.kg
-1

 (NRC 2011). It has been shown that in some fish 

species, choline can be synthesized by the methylation of ethanolamine, using methyl 

groups from S‐adenosyl methionine (Wilson and Poe, 1988; Rumsey, 1991). In other 

words, choline requirements can be spared, at least in part, by utilizing methionine 

or betaine. However, it was also found that several species could not synthesize 

enough quantities, and/or the rate of choline synthesis is insufficient to meet their 

metabolic requirements (Duan et al., 2012; Khosravi et al., 2015; NRC, 2011). As a 

safeguard, feeds for juvenile and grow-out fish are generally supplemented in choline 

chloride via the vitamin premix. 
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Commercial microdiets for marine fish larvae are typically formulated with high 

levels of premium marine protein sources (e.g. fishmeal, krill meal, squid meal, 

shrimp meal, marine protein hydrolysates) and phospholipids (e.g. soybean lecithin, 

krill oil), which contain high levels of phosphatidylcholine, a potential source of 

choline (Hertrampf et al., 2012). Commercial larval diets are therefore extremely rich 

in choline (>3600 mg/kg in WINFlat
®

, the current commercial diet for marine flatfish 

larvae from SPAROS LDA.) However, one important feature regarding the use of 

choline chloride in feed premixes is the fact that this choline form is particularly harsh 

for the stability of other vitamins because of its high hygroscopicity and alkaline 

properties. In a period of 3 months, the concentrations of vitamins A, E, and K3 in a 

premix containing choline chloride showed losses of 29, 7 and 42% respectively, 

which rose to 46, 25 and 81%, after 6 months of storage (Tavčar-Kalcher and Vengušt, 

2007). Given the relevancy of an optimal dietary supply of vitamins during the early 

life stages of fish (Hamre et al., 2013), this pro-oxidative effect of choline chloride on 

other vitamins must be taken into consideration in the formulation of fish larval diets. 

In this context of minimizing potential vitamin losses in larval feeds, a study was 

undertaken to assess if the complete elimination of supplemental choline chloride 

from the vitamin premix would induce detrimental effects on the growth performance 

and bone status of Senegalese sole post-larvae. 

 

Materials and methods 

Experimental diets 

The trial comprised two dietary treatments (Table 26). The control diet (CTRL) 

was based on a commercial feed formulation (WINFlat
®

, SPAROS LDA, Portugal) and 

contained a vitamin premix with 2000 mg/kg choline, provided in the form of choline 

chloride. The total content of choline in the CTRL diet, taking into account the 

contribution of the various raw materials was 3613 mg/kg. The second diet was 

identical to the control formulation, at the exception that choline chloride was 

completely removed from the vitamin premix (LOW CHOLINE diet), which resulted in 

a reduction on the dietary choline level to 1600 mg/kg. A detailed listing of raw 

materials and additives cannot be disclosed due to industrial trade secret. 

Nevertheless, the formula contains high levels of premium marine and plant protein 

sources (>75% of combined crustacean meal, squid meal, marine zooplankton meal, 

fish hydrolysates, fishmeal, wheat gluten, pea protein concentrate and fish gelatine), 

while lipids are provided by marine oils and a vegetable lecithin source. 
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Table 26. Proximate composition and choline content of experimental diets. 

  CTRL LOW CHOLINE 

Dry matter (DM), % 92.1 ± 1.3 89.7 ± 0.4 

Ash, % DM 9.0 ± 0.1 9.2 ± 0.1 

Crude protein, % DM 62.5 ± 0.2 61.8 ± 0.1 

Crude fat, % DM 18.8 ± 0.1 18.7 ± 0.0 

      

Choline, mg/kg DM 3613 ± 72 1604 ± 88 

 

Diets were produced at SPAROS LDA (Olhão, Portugal). Powder ingredients 

were initially mixed according to each target formulation in a double-helix mixer, 

being thereafter ground in a micropulverizer hammer mill (SH1, Hosokawa-Alpine, 

Germany). The oils were subsequently added and after a moisturizing step, diets were 

agglomerated through low-shear extrusion (Dominioni Group, Italy). Upon extrusion, 

diets were dried in a vibrating fluid bed dryer. Dry microparticles were subsequently 

sieved to the desired size ranges (400-600 and 600-800 µm). Diets were kept at 4ºC 

until used. Samples of each diet were taken for relevant analytical characterization 

(Table 26). 

 

Fish rearing and sampling 

Senegalese sole post-larvae with 20 days after hatching (DAH) originating from 

SAFIESTELA/SEA8 (Rioalto, Portugal) were reared at IPIMAR facilities (Olhão, Portugal). 

Fish were initially acclimatized to 9 white plastic trays (0.1 m
2

, 8 L), previously 

prepared with clean seawater and aeration. Trays were maintained in a semi-closed 

water recirculating system with four water renewals h
− 1

. Fish density in each tray was 

2700 post-larvae m
− 2

. Light intensity was 40 lx and light:dark cycles of 3:21 h were 

used to maximize feed ingestion, since Senegalese sole exhibits a pronounced 

nocturnal feeding behaviour (Navarro et al., 2009). Fish were initially fed with frozen 

Artemia previously enriched with commercial products. At 32 DAH fish were suddenly 

weaned onto a commercial control diet (WINFlat, SPAROS Lda.). At 42 DAH, the two 

dietary treatments were randomly distributed by the rearing trays in triplicate. 

Feeding was performed using automatic feeders, where the experimental diets were 

distributed to the fish in eight meals per day, each meal lasting a period of 2 h 

following a 1 h break. System water parameters were measured daily with commercial 

probes and adjusted to maintain temperature at 20 °C, oxygen saturation level above 

90% and salinity at 35 g. L
−1

. At 59 DAH fish were submitted to a live calcein staining 

(described below). Fish were sampled at 42 and 74 DAH to determine dry weight 
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(DW), relative growth rate (RGR) and feed conversion rate (FCR). Survival rate (SR) in 

each treatment was determined at the end of the experiment. Whole fish and vertebral 

columns were also sampled at the end of the experimental period to evaluate 

vertebral density, malformations and mineral apposition rates.  

 

Biochemical analysis 

Proximate composition, mineral and choline analysis of fish and/or feed were 

performed as described in Chapter II. 

 

Quantitative X-ray microradiograph imaging (qXRI) 

The relative bone mineral content (bone density) of 74 DAH Senegalese sole 

vertebrae was determined using qXRI, as described in Chapter II with the following 

details: digital X-ray images of whole fish were recorded at a 30 μm/pixel resolution; 

Settings were: X-ray energy 35kV; exposure 3x45s; FOV 120; focal plane 20. 

 

Evaluation of vertebral mineral apposition rate (MAR) 

The determination of the MAR in 74 DAH Senegalese sole post-larvae vertebrae 

was performed as described in Chapter II. Fish were initially stained with calcein at 

60 DAH. 

 

Vertebral malformation scoring 

An evaluation of the degree of severity of observed vertebral column 

malformations was performed as described in Chapter II. 10 fish were sampled in 

each replicate (n=30 per dietary treatment).  

 

Data analysis 

Results are expressed as means ± standard deviation (SD) from treatment 

replicates (n=3). Detection of mean differences between the dietary treatment and 

the control diet was tested by means of a t-test, where the significance level was 

p < 0.05. Data were previously checked for normal distribution and homogeneity of 

variances and results expressed as a percentage were based on arcsine transformed 

data (Ennos, 2007). All statistical tests were performed using the GraphPad Prism 

software (Version 5.0; GraphPad Software, San Diego, CA, USA). 
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Results 

Growth performance 

The growth performance parameters, of 74 DAH Senegalese sole post-larvae, 

including DW, SL, RGR, SR and FCR of fish fed the different dietary treatments are 

shown in Table 27. For all treatments, fish post-larvae increased their DW by, at least, 

forty-fold (initial dry weight: 0.004 g). When compared to the control condition, the 

reduction of dietary choline levels resulted in a significant reduction of post-larvae 

dry weight (DW) (p<0.05), although without a significant effect on survival, standard 

length (SL), relative growth rate (RGR) or feed conversion ratio (FCR) (p>0.05),.  

 

Table 27. Growth performance of sole post-larvae fed the experimental diets for 31 

days. 

 CTRL  LOW CHOLINE  P-value 

Survival, % 46.3 ± 7.0  52.9 ± 3.4  0.218 

SL, cm 3.80 ± 0.04  3.75 ± 0.03  0.139 

DW, g 0.21 ± 0.01 
a 

0.18 ± 0.00 
b 

0.021 

RGR, %.day
-1

 13.15 ± 0.67  12.80 ± 0.26  0.447 

FCR 0.91 ± 0.06 
 

0.82 ± 0.08 
 

0.202 

Values are presented as means ± standard deviation (n=3).  

Values within a row with different superscripts differ significantly (p<0.05). 

 

Bone status 

 Mineral apposition rate (MAR) and density of 74 DAH sole vertebrae were not 

affected by dietary treatments (p>0.05) (Table 28). Fish fed the different dietary 

treatments did not present a high level of severe malformations, that is, any type of 

malformations that alters the gross morphology of fish (<10%). Similarly, sole post-

larvae fed the different dietary treatments presented no statistical differences 

(p>0.05) in severe malformation scoring in the abdominal, caudal or caudal complex 

regions of the vertebral column. However, it is worth noting that despite the lack of 

statistical significance, there appears to be a consistent trend for a lower severe 

malformation scoring in all vertebral regions in post-larvae fed the LOW CHOLINE diet 

(Figure 34). 

 

 

 

 

 



IV – Premix optimization / In Vivo / Vitamins 
 

 147 

Table 28. Bone status criteria in sole post-larvae.  

 CTRL LOW CHOLINE P-value 

MAR, % 23.9 ± 1.2 24.9 ± 1.2 0.382 

Density, GL 183.2 ± 2.6 182.2 ± 6.0 0.793 

    

Abdominal 0.59 ± 0.42 0.13 ± 0.23 0.171 

Caudal 1.14 ± 0.40 0.67 ± 0.12 0.121 

Caudal complex 0.53 ± 0.46 0.13 ± 0.12 0.219 

Values are presented as means ± standard deviation (n=3).  

* Score: 0 (no radiographic alterations) to 3 (presence of severe vertebral malformations that 

alter the gross morphology of fish). 

 

 

Figure 34. Vertebrae malformations score in sole post-larvae 

 

Discussion 

Significant advances are being achieved on fish larval nutrition, which 

consequently translates into faster growing larvae, higher survival rates and better-

quality juveniles. Optimal nutrition at the early developmental stages plays a pivotal 

role on fostering growth performance, skeletal development and stress resistance 

(Boglione et al., 2013b; Hamre et al., 2013; Rønnestad et al., 2013). However, there 

are still areas on the nutritional requirements of fish larvae, in which knowledge is 

lacking, leaving therefore room for substantial improvements.     

 

Nutritional requirements of larvae, both qualitatively and quantitatively, may 

differ from those of juveniles or adult fish, since fish larvae undergo dramatic 

morphological and physiological changes, including metamorphosis, during 

ontogenesis. Choline is an essential nutrient to animals and its main functionalities 

have been associated to the synthesis of neurotransmitter acetylcholine, cell-
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membrane signalling (phospholipids), lipid transport (lipoproteins), and methyl-

group metabolism (homocysteine reduction). In juvenile and adult fish, previous 

studies have shown that a dietary supplementation of choline is necessary to fulfil 

the nutritional requirements of cobia (Mai et al., 2009), hybrid tilapia (Shiau and Lo, 

2000), gibel carp (Duan et al., 2012), yellowtail kingfish (Liu et al., 2019) and olive 

flounder (Won et al., 2019). Most of these studies in juvenile fish targeted the 

estimation of choline requirements and therefore relied on a basal deficient scenario 

that was afterwards supplemented with graded levels of choline. While assessing 

choline requirements, attention should be also be given to the levels of sulphur amino 

acids, such as methionine and cysteine and/or other potential nutrients interacting 

with the choline metabolism, like betaine and taurine (Kasper et al., 2000) (Espe et 

al., 2016).  There are also studies showing that the requirement for choline can be 

met by the inclusion of dietary lecithin in yellow perch (Twibell and Brown, 2000), 

catfish (Zhang and Wilson, 1999) and Atlantic salmon fry (Poston, 1991). No studies 

were found on the role of dietary choline levels in fish larvae. Commercial microdiets 

for marine fish larvae contain high levels of methionine, phosphatidylcholine-rich 

lecithin, betaine and taurine, and are not expected to be nutritionally limiting in terms 

of choline. However, our study shows that a reduction of dietary choline levels from 

3600 to 1600 mg/kg resulted in a significant reduction of Senegalese sole post-larvae 

dry weight (DW), although without significantly affecting survival or other 

performance criteria such as standard length, RGR or FCR. Given the lack of 

knowledge on the interactions between dietary choline and these other methyl donors 

in the early developmental stages of fish, our data does not support a reduction of 

choline chloride levels in the current WINFlat
®

 diet.      

 

In mammalian systems, an increase of dietary choline intake has been 

associated to an enhanced maturation of the cartilage matrix of bone and to a 

reduction of plasma homocysteine levels, which at high levels favours the activation 

of matrix metalloproteinases (MMPs) that degrade extracellular bone matrix (Vacek 

et al., 2013; Øyen et al., 2017b). No studies were found on the isolated role of choline 

in fish skeletogenesis. In fish, an increase on dietary phospholipids has often been 

associated to a reduction of skeletal anomalies (Cahu et al., 2009; Kjørsvik et al., 

2009; Hansen et al., 2011; Taylor et al., 2015). The beneficial effects of phospholipids 

on fish larval skeletal development have been linked to an enhancement in lipid 

absorption and to a more efficient provision of long-chain polyunsaturated fatty acids 

compared with triacylglycerols, as suggested by Villeneuve et al. (2005). Being choline 
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a constituent of phosphatidylcholine, the main phospholipid class in fish feeds, we 

cannot discard the hypothesis that choline may be partially associated to the 

beneficial role of phospholipids in fish skeletogenesis. However, our study showed 

that a reduction of dietary choline levels had little impact on mineral apposition rate 

and density in Senegalese sole vertebrae. Despite lacking statistical significance and 

thus taking the risk of being speculative, it is interesting to note that contrary to the 

above-mentioned rationale that an increase choline intake leads to a better bone 

status, our data shows a consistent trend for a lower incidence of severe 

malformations in post-larvae fed the LOW CHOLINE diet (Figure 34). There is no clear 

explanation for this observation. Nevertheless, the presence of high levels of choline 

chloride in a vitamins premix is known to decrease the stability of several other 

vitamins, such as vitamin A, E and K3 (Tavčar-Kalcher and Vengušt, 2007). We 

hypothesized, that the removal of choline chloride from the premix could have 

increased the stability of the liposoluble vitamins (mainly A and K3), which in turn 

could benefit the bone development in sole larvae. Additional work is needed to 

clarify the validity of this statement. 

 

 Data generated in this study suggests that high dietary choline levels (3600 mg/kg) 

are adequate to sustain a high growth performance and an adequate skeletogenesis 

in sole larvae. Although, a reduction of dietary choline to 1600 mg/kg may result on 

a reduction of skeletal anomalies, it may also reduce growth criteria. Given the lack 

of knowledge on the interactions between dietary choline and other methyl donors in 

the early developmental stages of fish our data does not recommend a reduction of 

choline chloride levels in the current WINFlat
®

 diet. Moreover, a recent study showed 

that sub-optimal levels of choline can result on increased levels of oxidative stress in 

fish (Wu et al., 2017). Being a key pivotal element of the methyl donors pool, future 

studies with choline should integrate a epigenetics approach regarding its effects on 

the methylation of DNA or histones (Zeisel, 2017).      
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Chapter V – General discussion, 

overview and future perspectives 
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V.1. General discussion 

 

Marine aquaculture provides a means of supplying the global population with 

a healthy source of animal protein as well as an opportunity to support both human 

livelihoods and economic growth. To achieve its expected potential, all stages of the 

marine aquaculture production line must be optimized, and at the base of this 

production line is the rearing of marine fish larvae, which represents a major 

bottleneck faced by the aquaculture industry. Although a significant amount of 

research has resulted in faster growing fish larvae, higher survival rates and better-

quality juveniles, these parameters are still considerably low, which translates into 

significant economic losses for marine aquaculture hatcheries. Moreover, aquaculture 

raised fish still suffer from a high incidence of skeletal malformations due to several 

biotic and abiotic factors (Boglione et al., 2013a, 2013b).  

 

Optimal nutrition at the early developmental stages of marine fish is known to 

play a decisive role on growth performance, skeletal development, stress resistance 

and health, subsequently determining the overall status of adult fish destined for 

consumption, with direct implications on fish marketability. Traditionally, marine fish 

larvae are initially fed live feeds, such as Artemia and copepods, but the development 

and improvement of formulated microdiets has contributed immensely for the 

intensification of marine larviculture, by supplying fish larvae with balanced diets with 

lower operational costs when compared to feeding fish with live feeds. The 

determination of fish larvae nutritional needs is complex and subject to strong 

experimental limitations, such as the small size of fish, nutrient leaching into the 

surrounding environment and lack of reliable methods to estimate feed intake, to 

name a few. Additionally, most studies that target the establishment of nutritional 

requirements in young fish rely on a basal deficient scenario that is afterwards 

supplemented with graded levels of a given nutrient and traditionally evaluate certain 

growth parameters (weight gain, feed utilization or tissue composition) (NRC, 2011). 

This approach does not consider the beneficial effects that supplementing certain 

nutrients “beyond requirement levels” can have on other important parameters such 

as skeletal development. In a more practical view, current commercial microdiets for 

marine fish larvae are generally formulated with extremely high levels of premium 

marine-derived ingredients, such as fish meal, krill meal, squid meal, and marine 
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protein hydrolysates, resulting in larval fish microdiets generally rich in most 

essential macro and micronutrients. These larval fish microdiets are not expected to 

be nutritionally limiting, however, as with almost every nutritional component, at a 

highly sensitive life stage such as larvae, minor deviations from the optimal balance 

of the various nutrients may have significant effects on a vast array of biological 

processes. So, optimization of the nutritional value of larval fish feeds could result in 

increased survival rates, growth performance and a harmonious development of the 

skeleton. These beneficial effects of feed optimization may therefore lead to an 

increased productivity and efficiency of the aquaculture sector. As an example, it has 

been estimated that the European aquaculture industry could save up to                          

€ 25 000 000 per year if a 50% reduction of skeletal anomalies observed in fish was 

achieved (Boglione et al., 2013b).        

 

A significant amount of research has been performed in the area of larval fish 

nutrition regarding the optimal fat content of larval diets (Hamre et al., 2013) and in 

consequence this subject was not addressed in this thesis. Unlike the fat content of 

larval fish diets, equally important nutrients, such as peptides (Chapter III), minerals 

and vitamins (Chapter IV), have been much less researched in larval fish nutrition, 

therefore this thesis focuses on the optimization of these latter nutritional 

components.    

 

V.1.1. Peptide optimization 

In the initial stages of development, fish larvae have very high growth rates 

(Kamler, 1992; Otterlei et al., 1999; Conceição et al., 2003) and since growth in fish 

is primarily due to muscle protein deposition (Houlihan et al., 1995; Carter and 

Houlihan, 2001) large amounts of dietary protein are required. Moreover, they need 

an abundant supply of dietary amino acids (AA) for anabolic as well as energetic 

purposes (Finn et al., 2002) but lack the capacity to digest and/or absorb complex 

proteins (Rønnestad et al., 2003). This creates an interesting paradox that larval fish 

nutritionists have attempted to overcome by introducing highly digestible protein 

hydrolysates into the formulation of commercial larval fish feeds. Research performed 

on this subject has led to the establishment of adequate levels of incorporation of 

these protein hydrolysates, set around 10% of the dry diet (Kotzamanis et al., 2007; 

Hamre et al., 2013), since higher levels of incorporation may cause detrimental 

effects on fish digestion (Zambonino Infante et al., 1997; Srichanun et al., 2014) or 

larval growth rates (Espe and Lied, 1994; Rønnestad et al., 2007; Srichanun et al., 
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2014). Research efforts have also identified protein hydrolysates that can lead to 

improvements of juvenile and/or larval fish performance parameters (growth, 

digestive maturity, health or skeletal development), in several fish species 

(Zambonino Infante et al., 1997; Cahu et al., 1999; Kotzamanis et al., 2007; Kvåle et 

al., 2009; de Vareilles et al., 2012; Bui et al., 2014; Skalli et al., 2014; Srichanun et 

al., 2014; Delcroix et al., 2015; Gisbert et al., 2018; Leduc et al., 2018). Most of these 

studies identified marine origin protein hydrolysates as being suitable for 

incorporation into fish feeds as potential ingredients. In order to further improve 

larval fish quality, a continuous effort should be undertaken into the identification of 

new marine protein hydrolysates with potential beneficial effects on larval rearing. 

Anchovy and giant squid hydrolysates were found to be suitable protein sources to 

be used in microdiets for gilthead seabream larvae (Chapter III.1.). In our study, fish 

fed a diet that contained 10% anchovy hydrolysates improved their dry weight, length 

and relative growth rate by 94, 22 and 23% respectively, when compared to control 

diet (with 10% of fresh fish by-products hydrolysate). Fish fed a diet that contained 

10% giant squid hydrolysate improved their length and relative growth rate by 15 and 

18% respectively, when compared to control diet. None of the diets negatively 

affected skeletal development. 

 

 

 

In addition to the source of protein, molecular weight and the amino acids 

profile of the dietary protein fraction are also factors that affect the dietary efficiency 

of protein hydrolysates (Zambonino Infante et al., 1997; Aragão et al., 2007; Canada 

et al., 2016, 2017; Saavedra et al., 2017; Leduc et al., 2018). A comparative analysis 

into the distinctive molecular weights and amino acids profiles of the best performing 

diets revealed that, when incorporated at a level of 10%, a hydrolysate rich in free 

amino acids, di and tripeptides (40% <0.5 kDa) and relatively rich in amino acids such 

as taurine, arginine, threonine, phenylalanine and tyrosine, can help improve larval 

fish performance. By expanding our knowledge into the potential growth promoting 

effects of these specific amino acids and molecular weight profiles, we can further 

optimize larval fish feeds more efficiently for a larger number of species. Increasing 

Dietary inclusion of anchovy hydrolysate (42%<0.5 kDa) or giant squid 

hydrolysate (54%<0.5 kDa), at 10% dry feed, can improve gilthead 

seabream larvae (28 to 65 DAH) growth without compromising larval 

digestive or skeletal development. 
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growth rates without compromising the normal development of fish just by doing a 

slight modification in the diet of fish larvae is extremely useful when, for example, 

dealing with the larviculture of a new aquaculture species, where growth and survival 

rates are generally low.  

 

V.1.2. Premix optimization 

Despite considerable progress in recent years, there are still areas of marine 

larval fish nutrition where knowledge is very scarce or even non-existent. This is the 

case with estimates of nutritional requirements in micronutrients, minerals and 

vitamins. The NRC (2011b, 2011c) has established nutritional requirements for 

minerals and vitamins for some species, but these values should be considered as 

guidelines, since nutritional requirements are species and developmental stage 

specific. Data concerning the effect that dietary modifications of the mineral and 

vitamin levels fed to larval fish can have on the development of skeletal structures 

and incidence of malformations has been reviewed by Boglione et al. (2013). This 

review demonstrated that most of the research effort into fish larvae nutrition has 

focused on certain macrominerals (e.g. phosphorus and magnesium) and fat-soluble 

vitamins (e.g. Vitamin A, D and K), while the contribution of other micronutrients, 

such as trace minerals and B-vitamins, has been overlooked.  

 

To ensure that larval fish diets are not nutritionally limiting, in terms of 

minerals and vitamins, a current practice in feed formulation is to supplement feed 

with mineral/vitamin premixes. It has been debated if this supplementation is truly 

necessary, given that larval fish feeds are rich in micronutrients, due to the use of 

premium ingredients in the formulation of these feeds. In fact, nutritional trials 

performed with shrimp (Wang et al., 2017), juvenile trout (Barrows et al., 2008) and 

European seabass larvae (Mazurais et al., 2008) reinforce the concept that mineral 

and/or vitamin supplementation to feed, in spite of the ingredients used, is necessary 

to guarantee normal growth, survival and skeletal development. It is worth 

mentioning that in nutritional trials involving European seabass and Senegalese sole 

larvae, dietary treatments were tested where the mineral-vitamin premix was removed 

from the diet formulation. This removal resulted in a significant decrease in growth 

and survival (Senegalese sole) or an increase of severe malformations (European 

seabass). Due to animal welfare issues these trials were aborted and therefore the 

results were not included in this thesis.  
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V.1.2.1. In vitro work 

The topic of optimizing the mineral vitamin content of larval feed was first 

approached keeping in mind the scientific principles known as the 3 R’s, replacement, 

reduction, refinement (Russell et al., 1959). In vitro systems have been used for over 

25 years to assess the effect of micronutrients on cellular processes, such as 

proliferation and mineralization (DiSorbo and Litwack, 1981; Togari et al., 1993; 

Molina et al., 1997; LeGeros et al., 1999; Rodríguez et al., 2002; Hallab et al., 2002; 

Herrmann et al., 2007; Lüthen et al., 2007; Tan et al., 2008; Bracci et al., 2009; 

Nagata and Lönnerdal, 2011; Li et al., 2014; Miola et al., 2014; Burghardt et al., 2015; 

Vrolijk et al., 2017). Notwithstanding their value, cell cultures derived from fish 

species are few, and, derived from bone tissue are uncommon so, when the 

opportunity emerged, we used an in vitro cell culture system derived from seabream 

vertebrae to evaluate the effect that mineral and vitamin supplementation can have 

on bone related cellular processes, such as cellular proliferation and cell mediated 

mineralization (Chapter IV.1.1). This work allowed the determination of LC50 values 

for Cu, Mn, Zn, Vit.B1 and B6 in this fish bone derived cell culture. In relation to cell 

mediated mineralization, we observed that the organic forms of Cu and Mn were more 

efficient than the inorganic forms in promoting cell mineralization (216% for Cu and 

82% for Mn, when supplemented to cells at 50 and 18.8 ppm respectively), while with 

Zn, the sulphate form was found to be more efficient (87.9% when Zn was 

supplemented at 18.8ppm). Thiamine (vitamin B1) and pyridoxin (Vitamin B6) also 

boosted mineralization of these bone derived cells by values up to 121% and 461% 

when supplemented to cells at 200 and 1600ppm, respectively. 

 

 

Micronutrient 

Effect on 

cell mineralization 

Copper  

Manganese  

Zinc  

Vitamin B1  

Vitamin B6 
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These results should be considered with care, due to an obvious distinction 

between in vitro and in vivo systems, that have distinct needs for nutrients as the 

complexity of the cellular environment is different but also because dietary nutrient 

interactions or hormonal and physiological state of an in vivo model cannot be 

represented in vitro. Nevertheless, this study is indicative of a potential beneficial 

effect on bone mineralization if the physiological levels of the tested minerals and 

vitamins in larval fish are elevated, e,g, by means of the diet. Part of these results are 

corroborated by in vivo work performed with marine fish larvae where Mn, Zn and Se 

supplementation to the diets of red sea bream and gilthead seabream larvae had a 

considerable effect in the improvement of fish bone development (Nguyen et al., 

2008; Izquierdo et al., 2016; Terova et al., 2018). In addition, in Chapter IV.2.1.3. we 

also report a decreased severity of malformations observed in the caudal complex 

region of the vertebral column in Senegalese sole post-larvae due to an increase of 

dietary Zn. In regard to the class of vitamins know as B vitamins, nothing is known 

on the effect that supplementing larval diets with “beyond requirement levels” has on 

larval fish growth performance, since most of the studies performed focused on 

situations of deficiency.     

 

V.1.2.2. In vivo work 

V.1.2.2.1. Macromineral (Ca) 

The relationship between the dietary levels of calcium and phosphorus has 

been associated with the appropriate development of fish, given that excess of 

dietary Ca can have an antagonistic effect on the bioavailability of phosphorus (P) and 

trace minerals, like zinc, iron and manganese, key nutrients involved in skeletal 

development and remodelling in fish juveniles (NRC, 2011). Although it is 

recommended to feed juvenile and grow-out fish with a dietary Ca:P ratio in the range 

of 1:1 (Hossain and Yoshimatsu, 2014), little information exists on the optimal dietary 

Ca:P ratio for fish larvae. Previous work has indicated that a lower Ca:P ratio (<1) can 

benefit fish larvae bone health (El Kertaoui et al., 2019 and SPAROS confidential data). 

A reduction of dietary Ca, by eliminating a Ca source in the mineral premix, to the 

point where the Ca:P ratio was 0.5, did not compromise the growth or skeletogenesis 

of sole post-larvae and in fact appeared to improve feed efficiency, although this 

improvement might be associated to a non-statistical difference in post-larvae 

survival rates (Chapter IV.2.1.1.).  
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As observed with other marine fish species (NRC, 2011), the requirement for 

Ca in Senegalese sole post-larvae can potentially be met by current levels of Ca in 

larval diets (formulated with premium ingredients) without the need of additional Ca 

supplementation. Also, Ca can be potentially absorbed from seawater to further add 

to the Ca pool in fish. The supplementation of unnecessary minerals to the diet of 

fish larvae can decrease the efficiency with which fish utilize the diets and one of the 

principal tasks of feed optimization is to identify and, if possible, eliminate 

superfluous components.    

 

V.1.2.2.2. Microminerals 

The use of chelated trace minerals over inorganic ones in land-based animals 

and juvenile fish feeds has resulted in conflicting conclusions related to their alleged 

higher bioavailability. Some show growth performance gains (Apines et al., 2003; 

Apines-Amar et al., 2004; Antony Jesu Prabhu et al., 2014), while others do not 

(Watanabe et al., 1997; Do Carmo e Sá et al., 2005; Fountoulaki et al., 2010; 

Savolainen and Gatlin, 2010; Domínguez et al., 2017). Our study suggests that a 

potential replacement of inorganic mineral forms (sulphates) of Cu, Fe, Mn and Zn by 

their organic glycinate-chelated forms, did not result in clear beneficial effects on 

somatic growth and bone development in Senegalese sole or European seabass post-

larvae fed high quality commercial microdiets (Chapter IV.2.1.2.). It is possible that 

the beneficial effects of this type of mineral can only be observed in later stage fish 

that have a mature digestive system and can take full advantage of the purposed 

increased bioavailability and reduced antagonistic interaction with other nutrients of 

these organic minerals.  

 

 

In this work we also became aware of a clear need for the standardization of 

an experimental protocol to measure leaching losses of water-soluble compounds in 

The use of chelated minerals over inorganic ones in larval feed 

formulation appears to not be effective in increasing sole or seabass 

larval quality. 

 

  

  

  

  

  

 

A dietary Ca:P ratio of 0.5 appears to support optimal growth and 

skeletal development in Senegalese sole post-larvae. 
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larval feeds. In our studies we found extremely high mineral leaching rates (up to 

67%), that, if applied to the content of water soluble nutrients in larval feeds, would 

result in larval fish feeding on diets with a nutritional value, in some cases below the 

recommended levels stated for juveniles, that in our opinion is not the case since 

growth rates in larval fish fed these commercial diets do not appear to be 

compromised by nutritional deficiencies and clearly suggest an artifact on the 

methodologies used to simulate leaching losses in larval microdiets.  

 

 

 

As mentioned previously, microminerals are essential nutrients with critical 

roles in several physiological, metabolic and hormonal pathways, and consequently 

affect survival, growth, feed utilization, skeletal formation, immune response and 

susceptibility to pathologies. The dietary optimization of microminerals in larval 

feeds has been poorly addressed, possibly due to the fact that commercial larval diets 

are formulated with extremely high levels of premium marine-derived ingredients, 

known to be rich in most essential macro and microminerals, rendering it improbable 

that these diets are nutritionally limiting in terms of microminerals. Nonetheless, 

microminerals are known to be both essential and toxic, depending on their 

concentration, and, fish larvae are highly sensitive to minor deviations from the 

optimal balance of these nutrients, significantly affecting a vast array of biological 

processes, including skeletal development (Boglione et al., 2013b; Berillis, 2015; 

Chanda et al., 2015). Our study shows (in Chapter IV.2.1.3) that an increase of the 

dietary Zn level, from 100 to 130 mg.kg
-1

 improved survival (4–7% increase) while 

reducing the severity of vertebral malformations (8–49% decrease) in sole post-larvae. 

Increasing dietary Zn levels did not alter the Zn content in vertebral bone or whole 

fish. Conversely, changes on the dietary Mn levels (from 45 to 90 mg.kg
-1

) had no 

effect on the growth performance of sole post-larvae but increased Mn levels in whole 

body fish and vertebral bone. 

 

Research into the standardization of fish feed water stability 

assessment protocols are always welcome! 
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Although comparable results have been observed in larval nutritional studies 

involving these same microminerals (Nguyen et al., 2008; Roberto et al., 2018) most 

of the work performed in this area of mineral nutrition deals with sub-optimal dietary 

levels associated to a reduced state of bone health (Baeverfjord et al., 2019 and 

references therein). However, in a practical scenario, where commercial microdiets 

for marine fish are rich in marine ingredients there is a limited risk of a nutritional 

shortcoming in these microminerals. The lack of effects on vertebrae mineralization 

criteria are most probably associated to this fact as the basal diet used in these 

studies contains levels of these minerals above the requirements recommended by 

NRC (2011) for juvenile fish. Nonetheless, matching the dietary levels of Mn and Zn 

used in this study to commercial larval feeds could have the potential advantages of 

achieving improved larval fish quality. This is a clear case of the benefits outweighing 

the costs. 

 

V.1.2.2.3. Vitamins 

Dietary water-soluble vitamin requirements in fish larvae are difficult to estimate, 

due to technical (vitamin processing stability, nutrient leaching) and biological 

(variable intake, immature gastrointestinal tract, variable bioavailability of vitamins 

and vitamin excretion) constraints associated to these studies, that are far from being 

perfect conditions. Still, the requirement of dietary B-vitamins has been suggested to 

be higher at larval stages when compared with juvenile and adult stages (Dabrowski, 

1986). Our work has demonstrated that supplementing a commercial larval diet with 

vitamins B1 and B6 at levels 4-fold higher than the basal level and B12 at 5-fold, either 

individually or in combination had no beneficial effect on growth, survival or bone 

status of Senegalese sole post-larvae (Chapter IV.2.2.1).   

  

Dietary levels of Mn (90 mg.kg
-1

) and Zn (130 mg.kg
-1

), in commercial 

larval feeds, can potentially improve larval survival, decrease 

vertebral malformations severity and increase the deposition of Mn 

in bone, that could be useful to counteract oxidative stress under 

stressful conditions. 
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The nutritional supplementation of these specific B-vitamins, in young fish, is 

known to have a beneficial effect up to a certain level after which these beneficial 

effects plateaus (He et al., 2009; Li et al., 2016; Xiang et al., 2016). In fact, our basal 

diet contains significantly higher levels of vitamins B1, B6 and B12, than maximum 

values presented by NRC (2011). Nevertheless, an interesting follow-up study could 

investigate the “beyond requirement level” effects on larval fish immune status and/or 

gut microbiota (known to be linked), taking advantage of current next‐generation 

sequencing (NGS) (Wang et al., 2018). 

 

Choline has been demonstrated to be an essential nutrient in fish juveniles 

(Shiau and Lo, 2000; Mai et al., 2009; Duan et al., 2012; Liu et al., 2019; Won et al., 

2019), but studies also show that the requirement for choline can be met by the 

inclusion of dietary lecithin in certain fish (Poston, 1991; Zhang and Wilson, 1999; 

Twibell and Brown, 2000). Considering the detrimental effect that choline is known 

to have on the stability of some vitamins (e.g. Vit. A, E and K3) in vitamin premixes 

(Tavčar-Kalcher and Vengušt, 2007) and the possibility of covering fish requirements 

for choline with an ingredient already present in feed, it could be advantageous, for 

technical and economic reasons (increased shelf life of premixes and formulated 

diets), to remove this nutrient from the premixes. However, our study shows that 

removing choline from the premix used in a premium commercial diet, therefore 

reducing dietary choline levels from 3600 to 1600 mg/kg, resulted in a significant 

reduction of Senegalese sole post-larvae DW (13% reduction), while leaving unaffected 

other performance criteria such as survival, standard length, RGR or FCR (Chapter 

IV.2.2.2).  

 

 

 

The supplementation of vitamins B1, B6 and B12 to premium quality 

larval feeds was shown to be ineffective in increasing overall larval fish 

quality. 

 

 

  

  

  

  

  

 

The removal of choline from the mineral vitamin premix (choline at 

1600 mg/kg feed) is not a viable option for premix optimization since 

Senegalese sole larvae weight is negatively affected. 
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In mammalian systems, an increase of dietary choline intake has been 

associated to a possible improvement of bone status (Vacek et al., 2013; Øyen et al., 

2017b), however, in fish, no clear link has been established between skeletogenesis 

and isolated choline. Reports do exist that demonstrate that an increase in dietary 

phospholipids (where choline is present as a constituent of phosphatidylcholine, a 

main phospholipid class in fish feeds) have an effect in reducing skeletal anomalies 

(Cahu et al., 2009; Kjørsvik et al., 2009; Hansen et al., 2011; Taylor et al., 2015). 

Other than a non-significant trend to reduce the incidence of severe malformations 

in fish fed the low choline diets, dietary choline levels had little impact on other bone 

related parameters in Senegalese sole post-larvae. In spite of the negative effect 

choline supplementation has on the stability of vitamins present in premixes, feeding 

fish with sub-optimal levels of choline can result on increased levels of oxidative 

stress (Wu et al., 2017). By opting for supplementing choline in an encapsulated 

(Aami Azghadi et al., 2019) or liquid form (that can be incorporated in feed directly) 

in fish feed formulation, dietary interaction between choline and other nutrients could 

be ameliorated, therefore achieving the intended betterment of product stability. 

Moreover, future studies with choline should integrate an epigenetics approach, 

considering its contribution to the methyl donors pool, affecting methylation of DNA 

or histones (Zeisel, 2017).     

 

V.2. Overview 

Although some success has been achieved, the optimization of current 

microdiets for a wider range of marine fish larvae species would provide tremendous 

benefits for larviculture, ensuring that fish larvae are fed diets according to their 

unique nutritional needs and safeguarding optimal development. As such, research 

directed towards the production of effective microdiets is one of the key areas within 

larviculture and the increased diversity of fish species that are farmed, brings some 

urgency into finding solutions to problems faced in larval nutrition.  

 

In this work we have tackled the optimization of the nutritional content in peptides, 

minerals and vitamins of currently used larval feeds, in an attempt to increase larval 

quality. We addressed this issue in a more practical approach as the dietary 

modifications were performed on current commercial diets, unlike most studies that 

work with purified or nutritionally compromising diets, conditions far from the ones 

used in industrial settings. Interactions between nutrients are known to take place 
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when high doses of a single nutrient are given or when the supply of an individual 

nutrient is inadequate. These potential interactions must be considered when feed 

modification, fortification or supplementation strategies are adopted, especially when 

directed to organisms with high nutrient requirements, like fish larvae. A holistic 

understanding of the effect dietary modifications has on the overall status of larval 

fish is important for developing diets for larviculture and for the adaptation of rearing 

conditions that meet the larval needs for the optimal microdiet utilization. For 

instance, if we correlate the data obtained and compiled in this thesis, regarding the 

effect that each nutritional modification had on growth and bone related parameters 

(relative to the respective control condition), with the dietary modifications 

performed, organized by nutrient classes, it is clear that the dietary modifications we 

did on the peptide profile of the commercial larval diet used mostly had a positive 

effect on growth related parameters while the vitamin modifications performed 

mainly impacted, positively, on malformation incidence (Figure 35). 

 

 

 

Figure 35. Comparative analysis of overall data obtained in this thesis. 

 

Mineral related dietary modifications had little effect on the parameters 

assessed. To note that this analysis is simply to better visualize the overall effect that 

our dietary modifications had on fish larvae and no statistical analysis was even 

attempted. Expanding knowledge into the influence nutritional modifications can 

have on fish larvae development and identifying the nutritional components 

responsible could be helpful in taking advantage of larval nutrition as a tool to help 

solve specific practical problems, such as low growth rates and a high incidence of 

malformations, associated with, e.g. the rearing of new aquaculture species.  
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Industrial impacts 

Considering that the work carried out during the development of this thesis 

was set in an industrial environment, it is important to link results here obtained with 

the potential industrial benefits that the companies involved in this work can take 

advantage of. 

 

Knowledge on the beneficial or negative effects that come with incorporating 

different marine origin protein hydrolysates into larval feeds may increase the 

flexibility that SPAROS Lda. has in using these protein hydrolysates as ingredients in 

feed formulation, while potentially increasing the value of their hatchery feed 

products.  

 

Use of alternative methods to animal experimentation to complement 

nutritional studies, such as in vitro approaches, can help reinforce the image of 

SPAROS and ADM Portugal as being science and innovation driven companies by 

having a multidisciplinary approach towards fish nutrition, which can be beneficial to 

the company’s visibility and reputation. 

 

The knowledge gained with the studies performed with the mineral and vitamin 

content of premixes can be useful to ADM Portugal S.A in developing mineral-vitamin 

premixes for larval fish feeds that are in accordance with their nutritional needs, and 

taking into account the nutritional value of current commercial larval feeds. Moreover, 

by incorporating the mineral and vitamin levels and forms that were found to be 

beneficial to larval fish development, SPAROS Lda. can increase the value of their 

hatchery feed products. Adding to this, SPAROS is currently redefining the 

specifications of the vitamin and minerals premixes to be used in their commercial 

feeds (WINFlat
®

 and WINFast
®

). As part of its internal quality control system, SPAROS 

has also decided to implement standardized leaching measurements in all their larval 

microdiets.       

 

V.3. Future perspectives 

There is no doubt that individual nutrients serve a number of purposes in the 

body, and nutrition research is constantly discovering new and exciting functions for 

nutrients and how they can impact fish development, but It’s important to look at the 

bigger picture and not just focus on the minutia. 
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Irrespective of the challenge and type of nutritional problems under 

investigation, the use of new methods and techniques related to genomics, 

transcriptomics, proteomics, metabolomics and bioinformatics can help to advance 

fish nutrition and larviculture, hopefully becoming routine in fish nutrition research. 

For instance, in this work we studied the optimization of larval feeds in relation to 

the effects that dietary peptides, minerals and vitamins have on growth and bone 

related parameters but all of the nutritional modifications made here can affect larval 

fish at a much deeper level, therefore future studies into this topic should also 

consider the effect these nutrients can have on the expression of genes responsible 

for immunity and resistance to stress, on fish gut microbiota, a field with an increased 

interest to aquaculture, as well as epigenetic mechanisms that can influence fish at 

later stages in life.  
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