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Abstract

Traditionally, fishmeal is the standard dietary protein for aquaculture-produced
species, but environmental and economic concerns drive the shift to sustainable-oriented
practices. Plant-based proteins are a more sustainable alternative to fishmeal. However,
they have drawbacks such as antinutritional factors that affect fish growth, intestinal
health, and immunity. Recent research indicates that low dietary inclusion rates of marine
protein hydrolysates enhance the nutritional quality of high-vegetable protein diets,
positively impacting fish growth and robustness. Thus, in this study, the effects of
supplementing a highly vegetable-based commercial diet with 3% blue shark skin
hydrolysate on the growth, stress response, and disease resistance of juvenile European
seabass were assessed.

The fish growth parameters were mostly unaffected when comparing the
experimental (SHARK) to the commercial diet (CTRL), except for a higher protein
efficiency ratio (PER) in the CTRL treatment. However, fish showed good acceptance,
metabolization, and utilization of the SHARK diet. The whole-body composition showed
a higher ash content in the SHARK treatment, likely due to the hydrolysate mineral
profile. In response to a stress challenge, fish fed both diets presented a typical increase
in glucose, lactate, and cortisol levels. Interestingly, fish fed the SHARK diet showed
significantly lower cortisol levels, suggesting better energy utilization. No negative
significant impact on animal metabolism was observed. Regarding the immune markers,
peroxidase levels were higher in the CTRL treatment after the stress challenge, but other
immune indicators remained unaffected by the diet. During the infectious challenge with
Photobacterium damselae subsp. piscicida, both treatments showed similar low
cumulative mortality rates.

This study demonstrates that incorporating low levels of blue shark skin
hydrolysate into low fishmeal diets does not impact the growth and robustness of juvenile
European seabass. This suggests that the hydrolysate is a safe and beneficial ingredient
for aquafeeds targeted at this fish species.

Keywords: fish by-products; hydrolysates; bioactive peptides; functional diet; sustainable feed,
circular economy
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Resumo

E esperado que a populagdo mundial atinja 9,7 mil milhdes até 2050, resultando
numa procura crescente por alimentos nutritivos, saudaveis e sustentaveis. Nesse
contexto, a aquacultura, que envolve a criacdo de organismos aquaticos, emerge como
uma solu¢do promissora desempenhando um papel fundamental na colmatagcdo dessa
procura global crescente por proteinas de elevada qualidade. Desta forma, esta industria
torna-se crucial para garantir a seguranga alimentar e promover o bem-estar nutricional
da popula¢do mundial em constante expansao.

Tradicionalmente, a farinha de peixe ¢ considerada a fonte de proteina padrao
utilizada em dietas de muitas espécies de peixe produzidas em aquacultura, devido a um
alto teor de proteinas, perfil de aminoécidos essenciais equilibrado, boa digestibilidade
dos nutrientes, elevada palatabilidade e auséncia de fatores antinutricionais. No entanto,
devido a preocupagdes ambientais, ecoldgicas e econdmicas, um grande esforco tem
vindo a ser feito para se transitar para uma aquacultura mais sustentdvel e consciente.
Desse modo, proteinas vegetais sdo consideradas uma alternativa mais sustentavel a
farinha de peixe em dietas para aquacultura. Apesar disso, as proteinas vegetais
apresentam algumas desvantagens, incluindo desequilibrios nos perfis de aminoécidos e
minerais essenciais, palatabilidade reduzida e a presenca de fatores antinutricionais, que
afetam o desempenho e crescimento dos peixes, a saude intestinal e também a sua
imunidade. Nesse sentido, estudos recentes demonstraram que a incorporagdo, em baixas
proporcdes, de hidrolisados de proteinas marinhas contendo péptidos bioativos pode
melhorar a qualidade nutricional de dietas com alto teor de proteinas vegetais, resultando
em efeitos positivos no que concerne ao crescimento e a robustez dos peixes. Esses
péptidos bioativos consistem em sequéncias de 2 a 20 aminoacidos que estdo inativos
dentro da proteina original, mas que ao serem libertados por hidrélise, tornam-se ativos e
apresentam uma grande variedade de atividades bioativas potenciais, incluindo
antimicrobiana ¢ imunomoduladora. Além disso, a inclusdo de hidrolisados de proteinas
marinhas em formulagdes de dietas podera conduzir ao aumento da valorizagdo de
matérias-primas comumente descartadas permitindo o uso sustentavel e responsavel
desses recursos, indo de encontro a uma economia mais circular. Um exemplo disso ¢ a
pele de tintureira (Prionace glauca) que ¢ um subproduto frequentemente descartado pela
industria, mas que tem um enorme potencial como matéria-prima para a producdo de
hidrolisados. Desse modo, neste estudo, decidiu-se avaliar os efeitos da suplementagdo
de uma dieta comercial, contendo altos niveis de proteinas vegetais, com 3% de
hidrolisado de pele de tintureira no crescimento e robustez de juvenis de robalo
(Dicentrarchus labrax), especificamente, na resisténcia a episodios de stresse e a agentes
potencialmente infeciosos, tal como Photobacterium damselae subsp. piscicida.

Para tal, ap6s cerca de 13 semanas de ensaio de crescimento com a dieta controlo
(CTRL) e a dieta experimental (SHARK), os peixes foram expostos a um desafio de
stresse simulando uma pratica comum no contexto da aquacultura, neste caso uma pesca.
De facto, o robalo ¢ particularmente suscetivel ao stresse, sendo esta sensibilidade
considerada um dos principais problemas da sua produgdo. Em situag¢des agravadas, o
stresse pode ser um fator de diminui¢ao do sistema imunitario dos peixes e assim provocar
o aparecimento de doencas. Considerando a crescente preocupacdo com o bem-estar dos
peixes, dietas equilibradas devem fornecer ndo apenas os nutrientes essenciais, mas
também ajudar os peixes a lidar com as situagdes stressantes que enfrentam. Tendo isso
em consideragdo, e apesar de ser uma espécie robusta, o robalo ¢ suscetivel a um vasto
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leque de doengas, principalmente de origem bacteriana. Mais uma vez, isto tem um
impacto significativo na produgdo desta espécie e pode inclusive impedir a expansao da
industria. Sendo assim, também se decidiu fazer um ensaio de infecdo com a bactéria
responsavel pela fotobacteriose. Essa doenga ¢ de dificil erradicacdo mesmo utilizando
antibidticos, e as vacinas tém fornecido resultados varidveis contra esse patdogeno. Assim,
existe a necessidade de desenvolvimento de alternativas mais seguras, eficientes e
econdmicas para a prevencao e mitigagdo deste tipo de doencas que afetam atualmente o
setor da aquacultura do robalo.

Em relacdo aos parametros de crescimento, apenas o coeficiente de eficiéncia
proteica (PER) foi significativamente afetado, atingindo um valor superior nos peixes
alimentados com a dieta CTRL. No entanto, os demais pardmetros de crescimento ndo
foram afetados, indicando uma boa aceitacdo, metabolizacdo e utilizagdo da dieta
experimental SHARK. Na composi¢ao corporal final dos peixes, apenas as cinzas foram
afetadas, sendo o seu valor mais alto no tratamento SHARK, possivelmente devido ao
perfil mineral dos hidrolisados. Em relagdo aos metabolitos plasmaticos, observou-se a
resposta usual dos peixes a um desafio de stresse, com niveis mais elevados de glicose,
lactato e cortisol. No entanto, curiosamente, foi observada uma diminuigdo significativa
nos niveis de cortisol em peixes alimentados com a dieta SHARK, evidenciando uma
possivel melhor utilizagdo da energia diante das mudangas nas condi¢des ambientais.
Além disso, ndo existem evidéncias de um impacto significativamente negativo no
metabolismo dos animais. Tendo em consideracao os marcadores de imunidade inata, os
niveis de peroxidase foram superiores no tratamento CTRL ap6s o desafio de stresse.
Porém, ndo héd evidéncias de comprometimento do sistema imunoldgico em peixes
alimentados com a dieta SHARK, pois todos os outros marcadores imunologicos nao
foram alterados pela dieta. Para o ensaio de infe¢do com a bactéria Photobacterium
damselae subsp. piscicida, nao foram encontradas diferencas significativas entre os dois
tratamentos, resultando ambos em mortalidades cumulativas baixas.

O presente estudo mostra assim que uma pequena inclusdo de hidrolisado de pele
de tintureira em dietas com baixa percentagem de farinha de peixe ndo produz, em geral,
nenhum impacto prejudicial significativo no crescimento e na robustez geral de juvenis
de robalo. Além de ser um ingrediente alternativo valido a substituicdo de uma pequena
quantidade de farinha de peixe (<25%) em termos de aceitabilidade e crescimento, parece
ainda melhorar os mecanismos fisioldgicos relacionados com a resposta imune,
modulagdo do stresse e resisténcia a doengas. Isso pode indicar que o hidrolisado de pele
de tintureira ¢ um ingrediente seguro e funcional para ser incorporado em dietas para
juvenis de robalo. Neste sentido, a valoriza¢do deste subproduto obtido a partir da
industria da pesca pode representar uma fonte de novos produtos de valor acrescentado,
trabalhando no sentido do desperdicio zero e assim promovendo uma economia circular
e sobretudo mais sustentavel.

Palavras-chave: subprodutos de pescado; hidrolisados; péptidos bioativos; dieta funcional; dieta
sustentavel; economia circular
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1. Introduction

1.1.  General overview of the aquaculture sector

Aquaculture is defined as “the farming of aquatic organisms, including fish,
molluscs, crustaceans, and aquatic plants, which implies some form of intervention in the
rearing process to enhance production, such as regular stocking, feeding, protection from
predators, etc.” (FAO, 1988). As one of the fastest-growing food-producing industries
(Eroldogan et al., 2022), aquaculture plays an important role in meeting the global
demand for high-quality proteins, essential amino acids, vitamins, minerals, and omega-
3 fatty acids, which provide numerous health benefits, contributing to a balanced diet
(FAO, 2022). Aquatic foods are considered one of the most important sources of animal
protein in the world, contributing in 2019 to 17% of total animal-source protein for human
consumption and to 7% of all protein sources consumed (FAO, 2022). Therefore,
aquaculture has become an essential part of the global food system and provides a
sustainable solution to the increasing demand for high-quality protein (FAO, 2022;
Velasco et al., 2023).

According to FAO (2022), in 2020 the global fisheries and aquaculture production
of aquatic animals reached 178 million tonnes. From this, 88 million tonnes were
produced by aquaculture, contributing to 49% of the global production of aquatic animals
(Figure 1.1). Adding the production of algae to that of aquatic animals, the total fisheries
and aquaculture production achieved 214 million tonnes, with aquaculture alone
accounting for around 123 million tonnes. The growth of aquaculture production has been
remarkable over the past few decades, while capture fisheries have stagnated since the

1990s (Waite et al., 2014).



180

160

140

120

AQUACULTURE

100

80

MILLION TONNES

60

40

CAPTURE

20

0T T T T T T T T T T T T
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020

| Capture fisheries — M Capture fisheries — 1 Aquaculture — W Aquaculture —
marine waters inland waters marine waters inland waters

Figure 1.1 — World capture fisheries and aquaculture production (excluding algae) (FAO,
2022).

From the global fisheries and aquaculture production of aquatic animals, around
89% (158 million tonnes) were used for human consumption, while the remaining 11%
(20 million tonnes) were destined for non-food uses (mostly used to produce fishmeal and
fish oil). Concerning the annual per capita consumption of aquatic animal foods, it
increased from 9 kg in 1961 to 20.5 kg in 2019, declining slightly to around 20.2 kg in
2020 (Figure 1.2) (FAO, 2022). This upward trend in consumption is an indication of the
role played by the aquaculture industry in meeting the growing demand for food (FAO,
2022).
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Figure 1.2 — World fisheries and aquaculture production: utilization and apparent
consumption (excluding algae) (FAO, 2022).



In relation to the distribution of world aquaculture production, Asia undoubtedly
leads with a share of 91.6%, followed by the Americas (3.6%), Europe (2.7%), Africa
(1.9%), and Oceania (0.2%) (Figure 1.3) (FAO, 2022). Almost half (46.9%) of the entire
global aquaculture harvest in 2020 consisted of finfish (57.5 million tonnes). Algae
represented 28.6% (35.1 million tonnes), followed by molluscs with 14.5% (17.7 million
tonnes), crustaceans with 9.2% (11.2 million tonnes), and other aquatic animals with

0.8% (1.1 million tonnes) (Figure 1.4) (FAO, 2022).

Asia

Americas

Oceania Europe 3.6%
0.2% Africa 2.7%
1.9%

Figure 1.3 — Distribution of aquaculture production across the five continents in 2020
(adapted from APROMAR, 2022).

Other aquatic animals
Crustaceans 0.8%
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/

Algae
28.6%

Figure 1.4 — Percentage distribution of world aquaculture production by groups in 2020
(adapted from APROMAR, 2022).



In 2020, the main aquaculture species produced in the world were the Japanese
kelp (Laminaria japonica), Eucheuma seaweeds (Eucheuma spp.), whiteleg shrimp
(Penaeus vannamei), grass carp (Ctenopharyngodon idellus), cupped oysters
(Crassostrea  spp.), Gracilaria seaweeds (Gracilaria  spp.), silver carp
(Hypophthalmichthys molitrix), Nile tilapia (Oreochromis niloticus), Japanese carpet
shell (Ruditapes philippinarum), and common carp (Cyprinus carpio) (Table 1.1) (FAO,
2022). Together, they accounted for a production of around 61 million tonnes, equivalent

to almost 50% of the total aquaculture production, when including algae.

Table 1.1 — Major species (including algae) produced by aquaculture in the world in 2020
(FAO, 2022).

Species Scientific name Million tonnes........

Japanese kelp Laminaria japonica 12.47
Eucheuma seaweeds Eucheuma spp. 8.13
Whiteleg shrimp Penaeus vannamei 5.81
Grass carp Ctenopharyngodon idellus 5.79
Cupped oysters Crassostrea spp. 5.45
Gracilaria seaweeds Gracilaria spp. 5.18
Silver carp Hypophthalmichthys molitrix 490

Nile tilapia Oreochromis niloticus 441
Japanese carpet shell Ruditapes philippinarum 4.27
Common carp Cyprinus carpio 424

As the world’s population is projected to increase to 9.7 billion in 2050 (United
Nations, 2022), the demand for food will also increase by around 25-70% (Hua et al.,
2019). Specifically, the demand for aquatic foods is expected to rise to an apparent per
capita consumption of aquatic foods of around 22 kg by 2050 (FAO, 2022). However,
due to the stagnation of wild fisheries catch, all the future increase in world fish
production, to cater this increase in the human population and per capita consumption,
will need to come from aquaculture (Waite et al., 2014). It is estimated that aquaculture
production will increase to roughly 140 million tonnes in 2050 (excluding algae) to meet

this demand (Figure 1.5) (Searchinger et al., 2019; FAO, 2022).
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Figure 1.5 — Aquaculture production projection up to 2050 (Searchinger et al., 2019).

1.2. Protein sources used in fish feeds

Fishmeal is generally considered the gold standard dietary protein source for many
fish species produced in aquaculture (Egerton et al., 2020) due to a rich protein content,
well-balanced essential amino acid profile, good nutrient digestibility, and lack of anti-
nutritional factors (Daniel, 2018). However, with the shift to a more sustainable-oriented
aquaculture, a major effort is being made to reduce the use of fishmeal (protein source)
and fish oil (lipid source) for environmental, ecological, and economic concerns (Duarte
et al., 2009). In addition, prices for fishmeal and fish oil have more than doubled during
the 2000s and have remained consistently higher than plant-based alternatives since 2012,

due to limited supply (Figure 1.6) (Naylor et al., 2021).
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Figure 1.6 — Trend of prices of fishmeal and fish oil versus plant-based meals and oils
(adapted from Naylor et al., 2021).

Because of these drawbacks, the aquaculture sector has made significant efforts
to lessen its dependency on fishmeal and fish oil. Globally, the inclusion level of fishmeal

in farmed fish diets has fallen significantly since 1995 and this trend is expected to



continue in the future (Figure 1.7) (Tacon and Metian, 2008; Waite et al., 2014).
Numerous researchers and industry experts believe that the use of alternative protein and
lipid sources will be essential for the long-term sustainability of the aquaculture sector
(Naylor et al., 2021). As a result, there has been a growing interest in the use of plant-,

insect-, and microbial-based protein sources in fish diets (Aragdo et al., 2022).
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Figure 1.7 — Inclusion (%) of fishmeal in farmed fish diets (adapted from Waite et al.,
2014).

While plant-based ingredients are the most common sources for replacement of
fishmeal in aquafeeds (Egerton et al., 2020), they can present some drawbacks. Many
plant-based sources contain anti-nutritional factors (Francis et al., 2001), amino acids
imbalances, and low palatability due to high levels of non-soluble carbohydrates (Daniel,
2018) with consequent negative effects, particularly to carnivorous species, on fish
growth performance, intestinal health, and immunity (Lin and Luo, 2011; Krogdahl et al.,
2015; Torrecillas et al., 2017; Conde-Sieira et al., 2018; Ng et al., 2019; Xu et al., 2019;
Aragdo et al., 2022).

Concerning this, Robert (2014) and Costa et al. (2020) found that to overcome the
challenge of replacing increasing levels of fishmeal with plant sources, low levels of
marine protein hydrolysates can be incorporated into aquafeeds. This results in increased
palatability, reduction of amino acids imbalances, and increase of adequate bioavailable
nutrients (Espe et al., 2007; Egerton et al., 2020), reducing the negative effects associated
with the incorporation of high levels of plant-based ingredients in fish diets (Costa et al.,
2020; Siddik et al., 2021a).



1.3.  Marine protein hydrolysates in fish nutrition

Marine protein hydrolysates (MPHs) can be obtained from either autolysis,
bacterial fermentation, chemical hydrolysis (acid and alkaline), or enzymatic hydrolysis
(Siddik et al., 2021a). They are composed of marine proteins broken down into single
amino acids, peptides, and oligopeptides (Kristinsson and Rasco, 2000). Protein
hydrolysates, the result of the beforementioned methods, are rich in bioactive peptides
(Idowu et al., 2020) with properties beyond their nutritional value (Resende et al., 2022),
making them potential nutraceuticals and functional food additives (Cardoso and Nunes,

2013).

Enzymatic hydrolysis has been demonstrated to be an efficient method for
recovering bioactive peptides from waste material (Thiansilakul et al., 2007) and has the
advantage of working with a shorter reaction time, which is useful for targeting certain
peptide bonds and amino acids that have optimal activity at specific conditions; moreover,
it does not produce any residual organic solvents and toxic chemicals in the end products
(Najafian and Babji, 2012). However, its biggest disadvantage is the high cost of the
process (Hou et al., 2017). Various proteolytic enzymes such as alcalase, neutrase, papain,
pepsin, and trypsin, can be used for this process (Kristinsson and Rasco, 2000). Among
them, alcalase produced by a Gram-positive bacteria (Bacillus licheniformis) has been
described as one of the best enzymes that can be used for producing protein hydrolysates
(Guérard et al., 2001), owing to its high extraction ability under mild conditions and
ability to produce protein hydrolysates with small-sized peptides in a relatively short

period (Kristinsson and Rasco, 2000).

Marine protein hydrolysates can be produced from fish processing by-products,
fisheries bycatch, and low-value pelagic species that are not currently consumed directly
by humans (Kristinsson et al., 2007; Egerton et al., 2018). Among 20-80% of a fish is
considered waste by the fish processing industry, depending on several parameters such
as the fish type and the processing specifications (Caldeira et al., 2018; Siddiqui et al.,
2023), and usually includes the head (9-12% of the whole-body weight), viscera (12-
18%), skin and fins (1-3%), bones (9-15%), muscle trimmings (15-20%) and scales (5%)
(Figure 1.8) (Guérard, 2009). In Europe, in 2016, there were around 0.6 million tonnes of
unutilized seafood by-products (Jackson and Newton, 2016).
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Figure 1.8 — Average proportion (%) of fish by-products (modified from Al Khawli et
al., 2020).

The production of marine protein hydrolysates is influenced by many factors,
including the composition of the raw material, the type of enzyme used, hydrolysis
conditions, and the degree of hydrolysis (Benjakul et al., 2014; Ramakrishnan et al.,
2023). The production process comprises three phases: i) a pretreatment phase which
involves the formation of a homogenized water-by-product mixture, with the lowest fat
content possible and without other undesirable components, for subsequent hydrolysis;
i1) a hydrolysis phase in which an enzyme is added to resulting on the cleavage of the
peptide bonds to obtain free amino acids and low molecular weight peptides; iii) a
recovery phase where marine protein hydrolysates, with enhanced functional and
bioactive properties, are obtained (Figure 1.9) (He et al., 2013; Nghia et al., 2020). In
general, the yield in the production of protein hydrolysates is low, since only the soluble
fraction (supernatant), which contains the products of interest, is used in the drying stage

(Khantaphant et al., 2011).
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Figure 1.9 — Production scheme of marine protein hydrolysates (based on Batista et al.,
2006; He et al., 2013; Villamil et al., 2017). A concentration step (optional) in the
recovery phase can be used to lower the water content reducing the final energy
requirements before the drying process and minimizing the environmental impacts of the
overall production process (Petrova et al., 2018; Sherman, 2022).

The variable composition of processing by-products from batch to batch presents
a significant challenge in the production of MPHs, as it results in variable nutritional
composition and makes it difficult to obtain a consistent end-product. Furthermore, the
production of bioactive peptides from fish waste using enzymatic hydrolysis has been
generally reported only from small-scale or controlled laboratory systems, due to the high
cost of the enzymes used. So, more studies are needed to assess its economic feasibility

under industrial production conditions (Siddik et al., 2021a).



1.3.1. Bioactive peptides present in MPHs

Bioactive peptides consist of sequences of 2 to 20 amino acids that are inactive
within the original protein, but upon release by hydrolysis, they become active and present

several physiological functions (Batista, 2013; Marti-Quijal et al., 2020).

The information obtained so far suggests that the functional properties of protein
hydrolysates result from their amino acid and peptide composition (Espe et al., 1999), as
well as peptide molecular weight (Liaset et al., 2000). Low molecular weight peptides are
more bioactive and potent than large molecular weight peptides because they are more
easily absorbed by the gastrointestinal tract (Gu et al., 2011; Chi et al., 2015; Heffernan
et al., 2021). Due to their small size, fish will spend less energy absorbing them, and that
extra energy can be used for other physiological functions, such as growth (Andrade and
Boscolo, 2019). Fish-derived peptides have a diverse range of bioactive activities
including antioxidant, antimicrobial and immunomodulatory (Martinez-Alvarez et al.,

2015; Hou et al., 2017; Ishak and Sarbon, 2018; Zamora-Sillero et al., 2018).

1.3.2. Incorporation level of MPHs on fish diets

Marine protein hydrolysates in aquafeeds have been reported to improve feed
intake, feed utilization, and growth of fish (Refstie et al., 2004; Aksnes et al., 2006; Zheng
et al., 2012,2013; Khosravi et al., 2015; Gunathilaka et al., 2020), as well as to promote
the immune system (Liang et al., 2006; Kotzamanis et al., 2007; Ovissipour et al., 2014)
and disease resistance (Siddik et al., 2019; Chaklader et al., 2020). Similar effects were
also reported on shrimp (Seguin et al., 2018; Herault et al., 2020). However, those effects
vary depending on the raw material from which the protein hydrolysates were obtained,

the processing method, and the incorporation level in the diets.

Low incorporation levels (1 to 5%) of MPHs seem to improve growth and immune
response in several fish species, such as red seabream (Pagrus major) (Khosravi et al.,
2015), Asian seabass (Lates calcarifer) (Chotikachinda et al., 2013; Novriadi et al., 2015),
striped catfish (Pangasianodon hypophthalmus) (Soller et al., 2021), tilapia
(Oreochromis sp.) (Herault et al., 2022), pabda (Ompok pabda) (Suma et al., 2023), and
European seabass (Dicentrarchus labrax) (Fournier et al., 2011; Gisbert et al., 2018;

Leduc et al., 2018a,b). Low incorporation levels also shown to increase fish resistance to
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pathogens such as Vibrio pelagius on European seabass (Gisbert et al., 2018), Vibrio
harveyi on Asian seabass (Siddik et al., 2021b), Edwardsiella tarda on red seabream (Bui
et al., 2014), and Aeromonas hydrophyla on Nile tilapia (Herault et al., 2012).

Moderate incorporation levels (5 to 10%) also seem to improve growth
performance, immunity, and disease resistance of some fish, such as large yellow croaker
(Pseudosciaena crocea) (Tang et al., 2008), Asian seabass (Siddik et al., 2018), and South
American catfish (Rhamdia quelen) (Ha et al., 2019). Also, in a study by Kotzamanis et
al. (2007), the inclusion of 10% of a protein hydrolysate improved intestinal development,
growth, immunological status, and survival of European seabass larvae challenged with

Vibrio anguillarum.

In contrast, high dietary levels (10 to >20%) are normally associated with higher
production costs and impairment of fish growth performance (Martinez-Alvarez et al.,
2015; Xu et al., 2016; Pham et al., 2022). The negative impacts of high levels of marine
hydrolysates incorporation on fish performance are probably due to an excessive amount
of free amino acids and short-chain peptides in the intestine, which could induce the
saturation and competition of transporters mechanisms (Ospina-Salazar et al., 2016;

Siddik et al., 2018).

Therefore, through the assessment of various studies using diets with different
levels of inclusion of MPHs, there seems to be no specific optimal inclusion level.
However, inclusion levels ranging from 3-10% have been found to be acceptable and
well-documented. In this study, a conservative value of 3% inclusion level was chosen,
which has shown overall more positive effects on different fish species. This approach
allows for a safer and more reliable use of MPHs in fish diets, while still providing the

benefits associated with their incorporation.
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1.4. Blue shark skin waste

The blue shark (Prionace glauca) (Figure 1.10) is the most widely distributed and
fished shark species in the world, normally caught as an accessory species. As a
carnivorous species, it feeds on small prey such as bony fishes, cephalopods (mainly
squids), and small sharks. This species prefers water temperatures from 7 to 16 °C but

can tolerate water up to 21 °C or even higher (FAO, 2023a).

The capture of this species rose considerably in the late 1990s for the consumption
of shark meat and the production of nutritional supplements and fin soup (Batista et al.,
2022). This has resulted in significant amounts of shark skin waste, which is commonly

discarded due to the difficulty of converting the skin into fishmeal (Mastandrea, 2021).

Figure 1.10 — Blue shark (Shark Research Institute, 2023).

The blue shark is an oceanic circumglobal species, which can be found in all the

major oceans of the world, from tropical to temperate waters (Figure 1.11) (FAO, 2023a).

Figure 1.11 — Distribution map of blue shark (FAO, 2023a).
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In 2020, the global capture of blue sharks was approximately 93 thousand tonnes
(FAO, 2023a). However, the capture of this species peaked in 2013 and has been
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decreasing, which may indicate a population decline (Figure 1.12) (Okes and Sant, 2019).
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Figure 1.12 — World capture production of blue shark, rom 1990 to 2020 (adapted from
FAO, 2023a).
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Important to note that in 2019 a landing obligation by the European Commission
(under Article 15 of the Common Fisheries Policy) was implemented, forcing all fishing
vessels to land previously discarded species that are subjected to quota or have a
minimum legal size, as well as underutilized commercial species (European Commission,
2013). Given the increased interest in the circular economy by the European Union (EU)
(European Commission, 2020), the utilization of underutilized or formerly discarded
marine material might offer a sustainable strategy for the production of high-added value
compounds (Coppola et al., 2021). To ensure the long-term viability of the seafood
industry, it is crucial to use the whole animal as efficiently as possible (Malcorps et al.,

2020).
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1.5. European seabass

The European seabass (Figure 1.13) is one of the most popular and successful
species in the European aquaculture sector nowadays, especially in the Mediterranean
(Sanchez et al., 2022), being in 2020 the third most important aquaculture species in
Europe in terms of value (EUMOFA, 2022). This species is carnivorous (feeding range
includes small fish, prawns, crabs, and cuttlefish), eurythermal (5-28 °C), euryhaline (3
%o to full strength seawater), and gonochoristic with a high fecundity spawning once per
year, from December to March in the Mediterranean population and up to June in the

Atlantic populations (Haffray et al., 2007; FAO, 2023b).

Figure 1.13 — European seabass (Seafish, 2023).

The European seabass is geographically distributed in the North Atlantic, from
Norway and the British Isles southward to Morocco and the Canary Islands. It is also
present in the Mediterranean and Black Seas, and southward to Senegal (Figure 1.14)

(FAO, 2023c).

Figure 1.14 — Distribution map of European seabass (FAO, 2023c).
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In 2020, the global aquaculture production of European seabass was around 276
thousand tonnes (FAO, 2023c). The production of this species has been constantly

increasing since 1990 (Figure 1.15).
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Figure 1.15 — World aquaculture production of European seabass, from 1990 to 2020
(adapted from FAO, 2023c).

1.5.1. Main diseases in European seabass — Photobacteriosis

Despite being a sturdy species, the European seabass is susceptible to a wide range
of diseases, particularly caused by bacteria, under rearing conditions (Table 1.2). These
outbreaks have a significant impact on commercial production and may prevent the
expansion of the industry in some countries (FAO, 2023b). Among the most important
diseases, tenacibaculosis, vibriosis, and photobacteriosis are the most prominent in

European seabass (Spinos et al., 2017; Muniesa et al., 2020).
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Table 1.2 — Major bacterial pathogens of economically important fish (seabass is outlined
for easier identification) (adapted from Sudheesh et al., 2012)

Causative agent/species Disease Main host fish
Gram-negatives
Vibrio enguillarum Vibriosis Salmonids, turbot, sea bass, striped bass, eel,
ayu, cod, and red sea bream
Aliivibrio salmonicida g i f
o . \% ,
(formerly Vibrio salmonicida) ibriosis Alantic salmon, cod
Vibrio vulnificus Vibriosis Eels, tilapia
Vibrio ordalii Vibriosis Salmonids

Vibrio carchariae

(syn.: Vibrio harveyi)
Moritella viscosa
(formerly Vibrio viscosus)

Photobacterium damselae subsp. piscicida
(formerly Pasteurella piscicida)

Pasteurella skyensis

Tenacibaculum maritimum
(formerly Flexibacter maritimus)

Flavobacterium psychrophilum

Flavobacterium branchiophila

Flavobacterium columnare
Pseudomonas anguilliseptica
Aeromonas salmonicida

Aeromonas hydrophila
Aeromonas veronii Biovar Sobria
Aeromonas sobria Biovar Sobria
(Motile aeromonads)

Edwardsiella ictaluri

Edwardsiella tarda

Yersinia ruckeri

Vibriosis, infectious gastroenteritis

Winter ulcer

Photobacteriosis
(pasteurellosis)

Pasteurellosis
Flexibacteriosis

Coldwater disease

Bacterial gill disease

Columnaris disease
Pseudomonadiasis, winter disease
Furunculosis

Motile aeromonas septicemia (MAS),
hemorrhagic septicemia, ulcer disease or
red-sore disease, and epizootic ulcerative
syndrome (EUS)

Enteric septicemia

Edwardsiellosis

Enteric redmouth

Shark, abalone, red drum, sea bream, sea
bass, cobia, and flounder

Atlantic salmon

Sea bream, sea bass, sole, striped bass, and
yellowtail

Salmonids and turbot

Turbot, salmonids, sole, sea bass, gilthead
sea bream, red sea bream, and flounder

Salmonids, carp, eel, tench, perch, ayu

A broad range of cultured cold water and
warm water salmonid and nonsalmonid
fishes

cyprinids, salmonids, silurids, eel, and
sturgeon

Sea bream, eel, turbot, and ayu

salmon, trout, goldfish, koi and a variety of
other fish species

A wide variety of salmonid and
nonsalmonid fish, sturgeon, tilapia, catfish,
striped bass, and eel

Catfish and tilapia
Salmon, carps, tilapia, catfish, striped bass,
flounder, and yellowtail

Salmonids, eel, minnows, sturgeon, and
crustaceans

Piscirickettsia salmonis Piscirickettsiosis Salmonids
Gram-positives
La us garvi . . .
ciucoccys garyiede ey Streptococcosis or lactococcosis Yellowtail and eel
(formerly Enterococcus seriolicida)
s . Yellowtail, flounder, sea bass, and
Streptococcus iniae Streptococcosis . e
barramundi
Streptococcus parauberis Streptococcosis Turbot
Streptococcus phocae Streptococcosis Atlantic salmon
Renibacterium salmoninarum Bacterial kidney disease Salmonids
Mycobacterium marinum Mycobacteriosis Sea bass, turbot, and Atlantic salmon

Photobacterium damselae subsp. piscicida, a Gram-negative bacteria, results in
serious losses among cultured fish species in Europe including gilthead seabream (Sparus
aurata), red porgy (Pagrus pagrus), red seabream, European seabass, meagre
(Argyrosomus regius), and sole (Solea spp.). Under aquaculture conditions, the gilthead
seabream and European seabass suffer most of the financial losses (Toranzo et al., 1991;
Baptista et al., 1996; Bakopoulos et al., 1997; Zorilla et al., 1999). During acute cases of
photobacteriosis, fish exhibit only a few pathological signs, being convulsive erratic
swimming often the only clinical sign. Shortly after, anorexia, lethargy, darkening and

ulceration of the skin start to occur. As the disease progresses the gills become pale with
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excessive mucous secretions. Inflammation of the lip, opercula skin, and lower jaw occurs
and necrotic skin patches on the body flanks, dorsal area, and tail become common. The
fins may become eroded, and the liver becomes inflamed and congested. The spleen
becomes enlarged, the kidney pale and the intestine becomes filled with fluid and some
whitish mucous clots start to appear. In the more chronic form of the disease,
pseudotuberculosis develops mainly in the spleen and/or kidney parenchyma (Varvarigos,

2020).

Antibiotics are frequently used as the first line of defense for treatment against
pathogenic bacteria. A wide range of antibiotics have been developed to restrict the
development of these microorganisms. Unfortunately, unregulated, and excessive usage
of these chemicals has resulted in antibiotic resistance (Nirmal et al., 2022). In addition
to that, and as stated by Andreoni and Magnani (2014), photobacteriosis is hard to
eradicate with antibiotic treatments. Because of the numerous problems and impacts of
using antibiotics, at the beginning of 2022, the EU prohibited all forms of routine
antibiotic use in farming (More, 2020; Nunan, 2022).

As an alternative, research has been focused on the development of vaccines to
prevent bacterial diseases and progressively reduce the use of antibiotics in aquaculture
(Hastein et al., 2005). However, many common bacterial diseases in fish farms currently
lack effective vaccination strategies (Gudding and Van Muiswinkel, 2013). According to
Spinos et al. (2017), commercial vaccines against Photobacterium damselae subsp.
piscicida have been available for quite some time. However, these commercial
formulations have provided variable results against the pathogen responsible for
photobacteriosis. Additionally, another problem of vaccination is the need to handle the

animals which causes unnecessary additional stress (Sommerset et al., 2005).

Because of that, there is a need for the development of more safe, efficient, and
cost-effective alternatives for the prevention and mitigation of numerous diseases that
affect nowadays the aquaculture sector (Siddik et al., 2021a). In this regard, MPHs appear
to be a good alternative (Herault et al., 2012; Novriadi et al., 2015). By using those
compounds, we are shifting towards more sustainable and natural prevention infectious

disease strategies (Reverter et al., 2020).
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1.5.2. Stress response in fish

Stress is defined as “a condition in which the dynamic equilibrium of the
organism, called homeostasis, is threatened or disturbed as a result of the actions of
intrinsic or extrinsic stimuli that act as stressors” (Wendelaar Bonga, 1997). Stress
triggers physiological and behavioral responses that can impair body functions, growth,

and resistance to diseases, and can eventually lead to death (Mateus et al., 2017).

Unlike wild fish, farmed fish are exposed at all stages of the production cycle to
environmental (temperature, salinity, ammonia, dissolved oxygen, pH, chemicals, and
pathogens), physical (cleaning, grading, handling, crowding, confinement, feeding, and
vaccination), and social (competition, crowding, and aggressiveness) stressors (Pavlidis
and Mylonas, 2011; Tort, 2011; Braithwaite and Ebbesson, 2014). The intensity and
duration of physiological responses, which are largely influenced by the nature of the
stressor (acute or chronic), determine the outcome of the stress response (Davis, 2006).
Acute stressors are characterized by high severity, short duration, and abrupt onset of the
stress response, which is based on the fight or flight reaction, ensuring survival. Chronic
stressors induce a less intense and slower onset stress response but have a higher energetic
cost because of their duration and can lead to various problems, compromising survival

(Martinez-Porchas et al., 2009; Tort, 2011; Ellis et al., 2012).

The stress response in fish can be divided into primary, secondary, and tertiary
(Wendelaar Bonga, 1997; Barton, 2002; Sadoul et al., 2021). The primary response
initiates rapidly with the activation of the adrenergic system, which causes an increase in
plasma adrenaline and noradrenaline (catecholamines) and is followed by the activation
of the hypothalamus—pituitary—interrenal axis and an increase in plasma cortisol. The
secondary response encompasses physiological modifications and includes metabolic,
hydromineral, and immunological changes. The tertiary response describes whole animal
changes and is associated with a reduction in growth, resistance to disease, reproduction,
behavior, and ultimately survival (Figure 1.16) (Wendelaar Bonga, 1997; Miller and
O’Callaghan, 2002; Pottinger, 2008; Ellis et al., 2012).
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Figure 1.16 — Responses of fish to a stressor (Schreck and Tort, 2016). CRH —
Corticotropin-releasing hormone; ACTH — Adrenocorticotropic hormone; FFA — Free
fatty acids; Pr — Proteins; AB — Antibodies.

European seabass, the model used in the present study, is susceptible to stress,
showing high levels of cortisol following handling and confinement, and this sensitivity
to stress is considered one of the major issues slowing down European seabass
aquaculture (Samaras et al., 2018). Considering the growing concern with fish welfare, it
has become clear that well-balanced diets must not only provide the essential nutrients
but also assist fish in coping with the stressful situations they face on aquaculture farms
(Ashley, 2007; Machado et al., 2019). Therefore, an emergent strategy for improving fish
welfare is the supplementation of aquafeeds with MPHs (Siddik et al., 2021a).
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1.6. Objectives

In this work, it was hypothesized that dietary inclusion of bioactive peptides
present in the blue shark skin hydrolysate could improve European seabass growth and

robustness.

1.6.1. General

The general objective of this work is to investigate the effects of supplementing a
highly vegetable-based commercial diet with 3% blue shark skin hydrolysate on the
growth, modulation of the stress response, and increase in disease resistance of juvenile

European seabass.

1.6.2. Specific

The present study has the following specific objectives: i) Provide a
comprehensive study on the effects of blue shark skin hydrolysate on growth performance
and overall nutritional status of juvenile European seabass; ii) Study the effects of the
bioactive potential of hydrolysates obtained from shark skin to improve the response to
stress generated by fish handling routines in aquaculture farms; iii) Explore the potential
benefits of blue shark skin hydrolysate to improve resistance to photobacteriosis, one of

the most problematic diseases in European seabass production.
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2. Material and Methods

2.1. Marine hydrolysate

The hydrolysate used in the present study was obtained from blue shark caught in
the Northeast Atlantic Ocean. The blue shark skin by-products were generated by
Brasmar - Trade Food, S.A. (Porto, Portugal), from the production of fillets for human
consumption, and were frozen, processed in an industrial grinder, and stored
appropriately for further processing. Thereafter, the blue shark skin hydrolysate (BSSH)
was produced by ETSA - SGPS, S.A. (Empresa Transformadora de Subprodutos
Animais; Lisboa, Portugal) under industrial confidential conditions, using enzymatic
hydrolysis with alcalase. The proximate composition of the hydrolysate is present in

Table 2.1.

Table 2.1 — Proximate composition of the marine hydrolysate used in this study.

Ingredient
BSSH ?

Proximate composition (% DM)

Dry matter (DM, %) 97.37
Ash 5.13
Crude protein 87.87
Crude fat 0.34
Gross energy (k] g'! DM) 18.95

2 Blue shark skin hydrolysate.

2.2. Experimental diets

Two isoproteic (52.9% dry matter, DM), isoenergetic (22.7 kJ g' DM), and
isolipidic (17.8% DM) diets were formulated: a control diet (CTRL), consisting of a
commercial-like diet containing 69% vegetable-content and 12.5% of fishmeal, and an
experimental diet (SHARK) obtained by adding 3% of blue shark skin hydrolysate, at the
expense of fishmeal (Table 2.2). The experimental diets (2 mm of pellet size) were
formulated and produced by SPAROS Lda. (Olhdo, Portugal), in conformity with

European seabass nutrient requirements (NRC, 2011), and then stored at 4 °C.
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Table 2.2 — Ingredients and proximate composition of the diets used in this work.

Diets

CTRL SHARK
Ingredients (%)
Fishmeal * 12.5 8.5
BSSH ® 0 3
Soy protein concentrate © 25 25
Wheat gluten ¢ 14.4 14.4
Corn gluten meal © 10 10
Soybean meal f 11 11
Wheat meal & 8.98 9.18
Fish oil ! 7.4 7.8
Rapeseed oil ! 6.8 6.8
Vitamin and mineral premix 1 1
Choline chloride 50% silica 0.2 0.2
Antioxidant powder 0.2 0.2
Monocalcium phosphate 2.5 2.9
Proximate Composition (% DM)
Dry matter (DM, %) 95.29 94.46
Ash 6.90 7.01
Crude protein 52.52 53.21
Crude fat 17.83 17.66
Gross energy (kJ g! DM) 22.44 22.87

2 Fishmeal NORVIK LT 70: 72% crude protein (CP), 7% crude fat (CF) (Sopropéche,
Wimille, France). ® Blue shark skin hydrolysate. ¢ Soycomil-P: 62% CP, 0.7% CF (ADM
Animal Nutrition, Amsterdam, Netherlands). ¢ Wheat gluten: 80% CP, 7% CF (Roquette
Fréeres, Lestrem, France). ¢ Corn gluten meal: 61% CP, 6% CF (COPAM, Sao Jodo da
Talha, Portugal). f Dehulled solvent extracted soybean meal: 48% CP, 2% CF (Cargill,
Barcelona, Spain). € Wheat meal: 11% CP, 2% CF (Casa Lanchinha Lda., Alhos Vedros,
Portugal). ! Sardine oil (Sopropéche, Wimille, France). ! Rapeseed oil (Henry Lamotte
Oils GmbH, Bremen, Germany). | Vitamin and mineral premix: WISIUM MIX AQUA
1.5% (ADM Portugal S.A., Sepins, Portugal). ¥ Antioxidant: VERDILOX (Kemin Europe
NV, Herentals, Belgium).
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2.3.  Growth trial

European seabass juveniles (n=300) were obtained from a commercial fish farm
(Acuinuga, S.L., Spain). They were transported to the CIIMAR facilities (University of
Porto, Portugal) and acclimated for 15 days to the new husbandry and water conditions
in a 2 m? square fiberglass tank, in a recirculating aquaculture system (RAS). During this
period, fish were hand-fed one time per day (1% body weight) with a commercial diet
(AQUASOIJA, Portugal; 50% crude protein and 20% crude fat as DM basis). Before the
onset of the trial, all fish were fasted for a 24 h period and afterwards slightly anesthetized
using 2-phenoxyethanol (Sigma-Aldrich, MO, USA) at a concentration of 60 uL L!, and
individually weighed (12.6 + 0.11 g) and measured (10.7 + 0.04 cm, total length); then
they were distributed into 6 homogeneous groups (50 fish tank!; density of 3.9 kg m™).
Groups were kept in 6 fiberglass tanks of 160 L, part of a RAS system. Each diet was
randomly allocated to triplicate tanks. Each tank was provided with seawater (33 %o),
mechanically filtered, heated (22 °C), and oxygenated (> 90% saturation), at a flow rate
of 10 L min!, under an artificial photoperiod of 12 h light : 12 h dark. Physical and
chemical water parameters (temperature, salinity, oxygen saturation, redox potential, pH,
and concentration of nitrogenous compounds) were daily monitored during the trial and
maintained at optimal levels for this species: NH4" < 0.05 mg L', NO>" <0.5 mg L', NOs-
<5mgL"!, and pH 7.5-8.5 (Kir et al., 2019). Fish were fed three times a day by automatic
feeders until apparent visual satiety (ad libitum), for a period of around 13 weeks (89
days). Fish were bulk weighed in an intermediate sampling, after 6 weeks, to monitor

weight gain and feed consumption.

2.4.  Stress challenge

At the end of the growth trial, 5 fish per tank (15 fish per treatment) were exposed
to a stressful challenge, simulating a fishing operation: confinement stress for 5 min at a
density of 100 kg m™ and air exposure for 1 min. Afterwards, fish were left for 1 hin a

tank with aeration, before sampling of blood and tissues.
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2.5. Sampling procedures

Following the growth trial, all fish were fasted for 24 h before sampling. Initially,
5 fish per tank (15 fish per treatment) were given a mild anesthesia dose of 60 uL L' of
2-phenoxyethanol and then weighed and measured individually. Sequentially, one fish at
a time was heavily anesthetized using 500 puL L! of 2-phenoxyethanol to collect blood
from their caudal vein. Simultaneously, another set of 5 fish per tank (15 fish per
treatment), which had been subjected to a stressful situation, was given a sedative dose
of 60 uL L' of 2-phenoxyethanol and then individually weighed and measured. These
fish were then heavily anesthetized using 500 pL L'! of 2-phenoxyethanol, and blood was
collected from their caudal vein. Blood from both groups of fish was collected using
heparinized syringes and then centrifuged at 5000 % g for 10 min at 4 °C. The obtained
plasma was used for evaluation of the stress, nutritional and immunological status.
Finally, those fish were sacrificed by a cut through their spinal cord, and the intestines
and livers were collected and weighed to determine the viscerosomatic (VSI) and
hepatosomatic (HSI) indices, respectively. The remaining fish were anesthetized (60 pL
L' of 2-phenoxyethanol) and individually weighed and measured for evaluation of

growth performance and feed consumption.

For the whole-body composition analysis, 20 fish from the initial fish stock
(before the growth trial started) and 5 fish per tank (15 fish per treatment) at the end of
the growth trial were collected, sacrificed with an anesthetic overdose (1 mL L of 2-

phenoxyethanol), and stored at -80 °C.

2.6. Infectious challenge

Additionally, after the growth trial, 15 fish from each tank (45 fish per treatment)
were transferred to a new rearing system with 120 L tanks and the following conditions:
temperature — 24 °C, salinity — 35 %o, photoperiod — 12 h light : 12 h dark, and strong
aeration. The bacterium used was Photobacterium damselae subsp. piscicida (strain
MT1415), kindly provided by Andrew C. Barnes (Marine laboratory, UK). This bacterial
species was cultured on Erlenmeyer flasks containing 50 mL of tryptic soy broth (TSB)
supplemented with 1.5% of NaCl (Difco Laboratories, USA) and grown under continuous
agitation for 48 h at 25 °C. After that, the contents of the flasks were transferred to 50 mL

tubes and centrifuged for 10 min at 890 x g. The supernatant of the centrifuged tubes was
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then discarded, and the remaining pellet was dissolved in phosphate-buffered saline (PBS,
GIBCO). Bacterial concentration was read at 600 nm and adjusted to 1 x 10® colony-
forming unit (CFU) mL-!. Fish were then inoculated with the bacteria through peritoneal
injection with 100 uL of the above suspension (1 x 107 CFU fish'!) and cumulative
mortality was followed for eight days. Fish were daily fed the same diets as the growth
trial. Dead and moribund fish were collected/euthanized. Any survivors at the end of this

challenge were euthanized by an anesthetic overdose (1 mL L' of 2-phenoxyethanol).

2.7.  Chemical analysis

The proximate analysis of the marine hydrolysate and diets was performed in
duplicate, according to the AOAC methods (AOAC, 2005). Dry matter (DM) was
determined using a drying oven (Binder ED 53; Tuttlingen, Germany; 105 °C for 24 h);
ash was determined by combustion in a muffle furnace (Nabertherm L1.9/11/B170;
Bremen, Germany; 550 °C for 6 h); crude protein (CP; N x 4.9 for the hydrolysate (Mahre
etal.,2018) and N x 6.25 for the diets and whole-body composition (Mariotti et al., 2008))
was measured using a nitrogen analyzer (Leco FP-528; St. Joseph, USA); crude fat (CF)
was evaluated by petroleum ether (40-60 °C) extraction (Foss Soxtec™ 2055; Hoganis,
Sweden), and gross energy was determined using an adiabatic bomb calorimeter (IKA

Werke C2000; Staufen, Germany) calibrated with benzoic acid.

For the determination of whole-body composition, the previously collected fish
were ground and pooled. Afterwards, samples were freeze-dried and further analyzed for
dry matter, ash, crude protein, crude fat, and gross energy following the methodology

described above.

2.8.  Stress and nutritional status

Cortisol was extracted from 20 pL of plasma in 180 pL of diethyl ether (Sigma-
Aldrich, MO, USA) and determined using a commercial ELISA kit (RE52061; IBL
International GMBH, Hamburg, Germany).

25



The plasma concentration of total protein was determined using a commercial kit
(Ref. 1001290, Spinreact, Barcelona, Spain). Afterwards, plasma was deproteinized with
0.6 M perchloric acid and neutralized with 1 M potassium bicarbonate prior to being
centrifuged at 13500 x g for 4.5 min at 4 °C. Then, levels of glucose, cholesterol,
triglycerides, and lactate were determined enzymatically using commercial kits (Ref.
1001190, Ref. 1001090, Ref. 1001310, and Ref. 1001330, respectively; Spinreact,
Barcelona, Spain). All analyses were conducted in duplicates and absorbances read in a

microplate reader.

2.9. Plasma humoral immune parameters

Plasma lysozyme, peroxidase, and alternative complement pathway (ACHS50)
activities were determined as described in Costa et al. (2020), with triplicate
measurements in a microplate spectrophotometer (BioTek Synergy HT, VT, USA).
Plasma lysozyme activity (ug mL!) was determined using a turbidimetric assay adapted
to microplate, using a calibration curve with serially diluted lyophilized hen egg-white
lysozyme (Sigma-Aldrich, MO, USA) in sodium phosphate buffer (0.05 M, pH 6.2)
(Hutchinson and Manning, 1996). For determination of the peroxidase activity (EU mL-
1, 5 uL of plasma were diluted with 145 pL of Hanks' Balanced Salt Solution (HBSS),
without Ca®’" and Mg?*, in a microplate. Next, 50ul of 20mM 3,3’,5,5-
tetramethylbenzidine hydrochloride (Sigma-Aldrich, MO, USA) and 50puL of
5 mM hydrogen peroxide were added. After 2 min, the color-change reaction was halted
with 50 pL of 2 M sulfuric acid, and the optical density read at 450 nm. One peroxidase
enzyme unit (EU) was defined as the amount which causes an absorbance change of one
optical density (OD) (Quade and Roth, 1997). The determination of the ACHS50 activity
(units mL") was based on the lysis of rabbit red blood cells (Probioldgica, Lisboa,
Portugal), using a concentration of 2.8 x 108 cells mL!. ACH50 units were set as the

concentration of plasma that caused a cell lysis of 50% (Sunyer and Tort, 1995).

2.10. Calculations

The following formulas for the determination of growth performance and feed
efficiency were used: Specific growth rate (SGR) = 100 X [In (final body weight [g]) - In
(initial body weight [g])] / trial duration (d); Average body weight (ABW) = (initial body
weight [kg] + final body weight [kg]) / 2; Voluntary feed intake (VFI) = (100 x (dry feed
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intake [g]) / (average body weight [kg])) / trial duration [d]; Weight gain (WG) = final
body weight (g) - initial body weight (g); Condition factor (K) = 100 x (final body weight
[g]/ final body length [cm]?); Feed conversion ratio (FCR) = dry feed intake (g) / weight
gain (g); Protein efficiency ratio (PER) = weight gain (g) / crude protein intake (g); Daily
growth index (DGI) = 100 x [(final body weight [g]"?) - (initial body weight [g]'/*)]/ trial
duration (d); Hepatosomatic index (HSI) = 100 x (liver weight [g] / final body weight
[g]); Viscerosomatic index (VSI) = 100 x (viscera weight [g] / final body weight [g]).

To determine the cumulative mortality in the infectious challenge the following

formula was used: Mortality = 100 x (number of dead animals / total number of animals).

2.11. Statistical analysis

Results are expressed as mean + standard error (SE). Data were tested for
normality and homogeneity of variances by Shapiro-Wilk and Levene's tests,
respectively, and when necessary, appropriately transformed. An independent-sample t-
test, used for the zootechnical parameters and whole-body composition analysis, and a
two-way ANOVA test, used for the stress challenge considering the diet and stress as
fixed factors, were used to analyze the data, with the SPSS Statistics software (version
28.0.1.0; IBM, IL, USA). When using the two-way ANOVA test, whenever significant
effects of treatments were detected, means were compared through Tukey’s HSD post
hoc test. Regarding the infectious challenge, a chi-square test (SPSS Statistics software)
was performed to identify differences in cumulative mortality among dietary treatments.

Significant differences for all analyses were considered for a P < 0.05.
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3. Results

3.1. Growth performance

No statistically significant differences were found between the two dietary
treatments, CTRL and SHARK, regarding the growth performance parameters (FBW,
FBL, WG, K, DGI, VFI, FCR, and SGR) and somatic indices (HSI, and VSI). The only
exception was the protein efficiency ratio (PER) (P-value = 0.019), that in the CTRL
treatment achieved a higher value when compared with the SHARK treatment (Table

3.1).

Table 3.1 — Growth performance parameters of European seabass fed the experimental
diets.

Diets
CTRL SHARK Al

Growth performance

FBW (g) 52.4+0.65 53.5+£0.79 0.280
FBL (cm) 16.3 £0.06 16.4 +0.08 0.269
WG (g) 394+ 141 40.4+191 0.699
K 1.2+0.01 1.2+0.003 0.842
DGI 1.6 £0.04 1.6 £0.05 0.672
VFI 1.4+0.03 1.5+£0.03 0.409
FCR 1.04 £ 0.01 1.05 £ 0.003 0.134
SGR 1.6 £0.03 1.6 £0.04 0.644
PER 1.83+£0.01* 1.78+0.003°>  0.019
Somatic indices (%)

HSI 1.4£0.05 1.4+£0.04 0.374
VSI 7.3+0.19 7.7+0.25 0.140

Values are presented as mean + SE (n = 3, except for FBW and FBL where n = 150, and
HSI and VSI where n = 30); Different superscript letters represent significant differences
among diets (P < 0.05; independent-sample t-test). FBW — Final body weight; FBL —
Final body length; WG — Weight gain; K — Condition factor; DGI — Daily growth index;
VFI — Voluntary feed intake; FCR — Feed conversion ratio; SGR — Specific growth rate;
PER — Protein efficiency ratio; HSI — Hepatosomatic index; VSI — Viscerosomatic index.
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3.2.  Whole-body composition

Regarding the whole-body composition analysis, no statistically significant

differences were found between the two different dietary treatments (CTRL and

SHARK), considering the final dry matter, crude protein, crude fat, and gross energy of

the fish. Only the ash content presented significant statistical differences (P-value =

0.017), achieving in the SHARK treatment a higher amount when compared with the

CTRL treatment (Table 3.2).

Table 3.2 — Whole-body composition of European seabass fed the experimental diets.

Diets
CTRL SHARK v

Final whole-body composition (% WW)

Dry matter 366034 364+0.21 0.546
Ash 3.2£0.09° 3.8+0.11° 0.017
Crude protein 17.1£0.35 17.1£0.11 0.959
Crude fat 149+0.62 15.0+0.13 0.960
Gross energy (kJ g!) 10.2£0.16 9.6 +0.19 0.074

Values are presented as mean + SE (n = 3). Different superscript letters indicate
significant differences between treatments (P < 0.05; independent-sample t-test). Initial
whole-body composition (% or kJ g'! wet weight (WW)): Dry matter — 30.24; Ash —4.44;
Crude protein — 16.35; Crude fat — 9.41; Gross energy — 7.39.
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3.3. Stress and nutritional status

Concerning the analyzed plasma metabolites, cortisol, and triglycerides levels
were both statistically significantly affected by the dietary treatments (P-value = 0.01 and
P-value = 0.02, respectively), with the SHARK treatment achieving lower levels of those
metabolites. Additionally, cortisol, glucose, and lactate were significantly increased in
stressed fish (P-value < 0.001). In contrast, total protein levels were statistically

significantly reduced in stressed fish (P-value < 0.001).

Lactate was the only plasma metabolite significantly affected by the interaction
between diet and stress (P-value = 0.03), with higher levels in the SHARK treatment on
stressed fish. On the contrary, cholesterol was unaffected by either diet or stress (Table

3.3).

Table 3.3 — Plasma metabolite levels of fish fed the experimental diets, before (non-
stressed) or after (stressed) a stress challenge.

Diets
Non-stressed Stressed P-value
CTRL  SHARK CTRL  SHARK Diet  Stress  DietX
Stress

Cortisol 456.06+ 33222+ 74159+  630.81 +
(ng mL™) 45.77° 26.04° 30.33° 59.950 0.01 <0001 0.89
Glucose 5.80 + 532+ 7.70 + 753+
(mmol L) 0.34 0.53 0.50 0.46 0.48 <0001 074
Lactate 3.64 + 3.02+ 4.84 + 583+
(mmol L) 0.318C 0.18¢ 0.454 0.34* 0.60 <0001 003
Triglycerides ~ 4.84 + 3.60 + 487 + 340+
(mmol L) 0.5 0.520 0.59 0.49 0.2 089 085
Cholesterol 339+ 3.58 + 341+ 2.84 +
(mmol L) 0.32 0.25 0.19 0.26 031037 009
Total protein 415+ 435+ 3.63+ 3.09 +
(g dL) 0.27 0.15 0.18 0.27 046 <0.001 0.1

Values are presented as mean + SE (n = 9). Different superscript lowercase letters denote
significant differences among diets, while different superscript uppercase letters indicate
significant differences for Diet x Stress (P < 0.05; two-way ANOVA).
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3.4. Plasma humoral immune parameters

Regarding the innate immune markers, ACH50 was unaffected by either stress or

dietary treatments. Lysozyme was not affected by the diet, but it was significantly affected

by stress (P-value = 0.01), achieving higher levels in the stressed fish. Peroxidase was the

only immune parameter statistically significantly affected by the interaction of both diet

and stress (P-value = 0.01), achieving higher levels in the CTRL treatment on stressed

fish (Table 3.4).

Table 3.4 — Humoral immune parameters of fish fed the experimental diets, before (non-

stressed) or after (stressed) a stress challenge.

Diets
Non-stressed Stressed P-value
CTRL SHARK CTRL SHARK Diet  Stress  Dietx
Stress
Lysozyme 2241 + 2117+ 2775+ 30.63 +
(ng mL™Y) 3.10 2.59 1.40 3.09 0.76 0.01 0.45
Peroxidase 12174+ 96.86+ 288.13+ 129.73 +
(EU mL") 15.67°  22.73" 30214 23.82° <0.001 <0.001 001
ACH50 13254+  176.66 + 150.75+ 170.44 +
(units mL™") 21.22 21.14 18.75 17.77 0.09 0.56 0.54

Values are presented as mean + SE (n = 9). Different superscript uppercase letters denote
significant differences for Diet x Stress (P < 0.05; two-way ANOVA).
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3.5. Infectious challenge

After performing the infectious challenge, no statistically significant differences
were found between the CTRL and SHARK treatments (P-value = 0.273). From day 4-6
both treatments seem to have an equal effect on the cumulative mortality of fish.
However, even though there were no statistical differences, from day 1-4 and day 6-8 the

cumulative mortality of the SHARK treatment was lower than the CTRL treatment
(Figure 3.1).

25

20

8
Z
® 15
5]
€
(]
2
210
= —CTRL
£
3
© SHARK
5
0 /
1 2 3 4 5 6 7 8

Time period (days)
Figure 3.1 — Cumulative mortality (%) of European seabass (n =45) fed the experimental

diets, after a challenge with Photobacterium damselae subsp. piscicida. No statistical
differences were found (P < 0.05; chi-square test).
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4. Discussion

Recent studies have demonstrated the potential of using hydrolysates as a strategy
to minimize the negative impacts of increased protein from plant sources in aquafeeds
(Costa et al., 2020; Gunathilaka et al., 2021), thus creating functional diets. In addition,
the use of hydrolysates obtained from by-products of the agri-food industry offers both
economic and environmental benefits. Indeed, it allows to increase the utilization of
animal by-products, leading to a potential income generation, a reduction of

environmental impact, and a decrease in disposal costs (Martinez-Alvarez et al., 2015).

The positive effects of hydrolysates on fish growth and robustness are mainly due
to the presence of bioactive compounds, but their characteristics and potential differ
depending on the raw material used and the processing methodology. Therefore, the
present study represents a holistic approach to evaluate the potential benefits of shark skin
hydrolysates to cope with both stress conditions and disease outbreaks faced on
aquaculture farms. It is important to state that there is no information, to the best of my
knowledge, on the use of MPHs obtained through the enzymatic hydrolysis of blue shark
skin in diets for European seabass. This reinforces the novelty of the present work,

contributing to the increasing literature on this topic.

Regarding the growth performance parameters, overall, there were no significant
statistical differences between treatments in the present work. This demonstrates that the
experimental SHARK diet was well accepted by the fish and provided sufficient nutrients
and energy to meet growth and health requirements of European seabass, despite the 24%
reduction in fishmeal (FM). Furthermore, this is also corroborated by the fact that the
somatic indices showed no detrimental effect on fish fed the experimental diet. The only
exception was the protein efficiency ratio (PER), which in the SHARK treatment
achieved a lower value than the CTRL treatment. As evidenced by Hevray et al. (2005)
in a study on Atlantic salmon (Sa/mo salar) where they found a linear decrease in PER
with an increasing inclusion rate of protein hydrolysates, it is possible that the SHARK
group is using the proteins and amino acids for energy generation instead of growth,
which would negatively affect feed utilization, resulting in several implications such as:
1) slower growth rates or even delayed growth due to inadequate protein utilization; ii)

higher feed requirements to meet their protein needs, leading to higher feed costs; iii)
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imbalances in other essential nutrients such as amino acids, vitamins or minerals, since
dietary protein is not used effectively; iv) and finally, a low PER can lead to poor FCR,
which means that a higher amount of feed is required to produce the same fish biomass
(Hevroy et al., 2005; Ullah-Khan et al., 2019). This negative repercussion was observed
in the study carried out in the same species by Resende et al. (2022), in which it was
observed that the inclusion of 3% of swine blood hydrolysate obtained by auto-
hydrolysis, decreased PER levels compared to a control group with 12.5% of FM. This
resulted in a worse FCR, FBW, and FBL, in spite of presenting similar VFI values.
However, in the present study, the group with the lowest PER did not present any negative
impact on the rest of the parameters, since, as mentioned above, the other growth
performance indicators were not significantly different from the CTRL treatment and the
animals grew as expected, quadrupling their weight in around 13 weeks. This suggests
that fish fed the SHARK diet compensated for the lower protein utilization through other
mechanisms, such as modification of their metabolism, or the presence of other dietary
components, such as bioactive peptides, may have modulated the mechanisms involved
in muscle growth (Velasco et al., 2023), improving the overall efficiency of nutrient
utilization and allowing for normal growth. It is important to note that PER is only one
measure of protein utilization, and there are other factors that can influence growth and
nutrient utilization in fish. Therefore, understanding these mechanisms and their
implications is essential to optimize aquafeeds, ensure adequate nutrition and promote

healthy growth of fish.

Marine hydrolysates contain bioactive peptides that have growth-promoting and
nutrient utilization effects, among others (Siddik et al., 2021a; Nguyen et al., 2023).
Although they differ among studies depending on the source, the type of hydrolysate
obtained, the percentage of hydrolysate inclusion, as well as the fish species (Costa et al.,
2020), the positive results found in this study, after replacing a low percentage of FM
with hydrolysates of marine origin in a diet with high vegetable content, are in agreement
with other studies conducted in fish fed diets incorporating MPHs. For example, FM was
successfully replaced by MPHs at low levels in diets for Atlantic salmon (Egerton et al.,
2020), tiger puffer (Takifugu rubripes) (Wei et al., 2021), and red seabream (Bui et al.,
2014; Khosravi et al., 2015). Even, significantly better results than those have been
reported in the study conducted by Suma et al. (2023) in which they evidenced that fish
growth and feed efficiency (FBW, WG, SGR, FCR, K, HSI, and VSI) of juvenile pabda
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improved with a 8% FM diet supplemented with 2% commercial hydrolysate at the
expense of FM, compared to a control diet with 10% FM. Focusing on the specific case
of European seabass and considering exclusively hydrolysates of marine origin, Gisbert
et al. (2018) found no differences in the growth performance parameters (FBW, FBL,
SGR, and K) when using an experimental diet with a 15% of FM and inclusion of 5%
shrimp hydrolysate (at the expense of FM), when compared to the control diet with a
higher level of FM (20%). Similarly, Parma et al. (2023) found no significant differences
in the growth performance parameters and nutritional and somatic indices using a diet
with 10% FM and 5% hydrolyzed Atlantic salmon by-products (at the expense of FM),
compared to the control diet with 15% FM. Interestingly, Leduc et al. (2018a,b),
demonstrated that a 15% decrease in FM impairs growth performance, but if this decrease
in FM percentage is accompanied by the inclusion of 5% MPHs (5% FM + 5% MPHs) it
restored growth performance to the same level as the control diet with 20% FM. In this
case, the results are significantly positive, even using lower FM levels than those of the
present study, which shows that this small difference of 2% in the inclusion of the

hydrolysate (5%) with respect to the present study (3%) can be decisive.

Concerning the whole-body composition analysis, in the present study there were
differences related to the ash content, that in the SHARK treatment achieved a higher
quantity than the CTRL treatment. In several studies, in which a small inclusion level of
hydrolysates from different sources was used, no alteration in the final composition of
juvenile European seabass was observed, as demonstrated by Resende et al. (2022) using
swine blood hydrolysates, or Costa et al. (2020) and Gisbert et al. (2018) using marine
hydrolysates. The same seems to happen in other fish species. For instance, Khosravi et
al. (2015) found no effect on the whole-body composition of juvenile red seabream and
olive flounder (Paralichthys olivaceus) fed a 2% krill or tuna hydrolysate. Wei et al.
(2021) found no difference in the whole-body composition of juvenile tiger puffer fed a
diet with 5% pollock hydrolysates. However, Egerton et al. (2020) found differences in
terms of the whole-body composition of juvenile Atlantic salmon, specifically in the ash
content, but in this case, showing lower quantity than in the control diet. Marine
hydrolysates have a variable mineral content (Folador et al., 2006), so when they are
included in fish feeds those differences in minerals can contribute, as is probably
happening in the present study, to the increased ash content of fish. Also, minerals in the

SHARK diet can be in a form that is more bioavailable and digestible for fish, so they are
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more easily absorbed. Hydrolysates may also have metabolic effects that influence
mineral availability, utilization, and deposition in fish, enhancing mineral absorption by
improving gut health, regulating mineral metabolism, or affecting mineral deposition in
various tissues (Sun et al., 2020; Lall and Kaushik, 2021). As discussed above, in the
same way, the source and the process of obtaining the hydrolysates influence the
bioactivity of the products, they will also be key factors in determining the compositional

characteristics of the hydrolysates and therefore their mineral content and profile.

However, while fish growth and whole-body composition are important
parameters for assessing the performance of a new formulation, they should not be the
only criteria. It is also necessary to study the metabolic response of the fish to ensure that
any dietary modifications do not lead to significant metabolic alterations that could
potentially impact the fish physiological well-being and adaptability, ensuring not only
their growth but also their long-term health. The results obtained in the present study
showed that triglycerides were significantly affected by the dietary treatments, obtaining
lower levels with the SHARK treatment. This could demonstrate that the hydrolysate
obtained from shark skin positively modulates lipid metabolism by regulating lipid
sensing mechanisms and promoting better lipid utilization, thus reducing plasma
triglycerides levels in fish (Libran-Pérez et al., 2012,2013). Interestingly, in the same
way, it was observed a significant decrease in plasma cortisol levels in fish fed the
SHARK treatment. This fact is evidence that the bioactive compounds present in the
SHARK treatment help to improve the stress response, which in physiological terms can
be very positive since fish fed with this diet do not need to mobilize the same amount of
energy to cope with challenging situations, being able to use that energy in more
important physiological processes, such as growth and reproduction. Following the stress-
induced challenge, cortisol, glucose, and lactate were all affected, achieving higher levels
in the stressed fish, thus validating the experimental design since those are typical
indicators of acute stress. Total protein level was also affected by stress, achieving lower
levels in stressed fish, as previously reported (Di Marco et al., 2008; Fernandez-Alacid et
al., 2019; Parma et al., 2023; Resende et al. 2023; Samaras et al., 2023), probably due to
the proteolysis resulting from cortisol action (Di Marco et al., 2008; Pelusio et al., 2022).
Lactate was the only plasma metabolite that presented an interaction between diet and
stress, with the highest value obtained in the SHARK treatment after induced stress. This
may indicate that the SHARK treatment stimulates anaerobic glycolysis (the process that
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produces lactate from glucose) in response to a stressor, which can be detrimental to fish
health and well-being (Resende et al., 2023). In other species, different effects are seen.
For example, Khosravi et al. (2015) found no effect on the nutritional status parameters
of juvenile red seabream and olive flounder fed a protein hydrolysate. However, Suma et
al. (2023) found a considerable rise in glucose and total protein of juvenile pabda. Since
marine hydrolysates contain bioactive peptides that may modulate glucose, lipid, and
protein metabolism, as well as hormone regulation (Siddik et al., 2021a; Parma et al.,
2023; Suma et al., 2023), it is important to verify that these alterations are positive,

improving metabolic status and response to potential stressors.

The humoral non-specific immune parameters of European seabass analyzed in
this study — lysozyme, peroxidase, and ACH50, are common indicators of the innate
immune status in fish (Campos, 2019). Lysozyme hydrolyzes peptidoglycan residues in
bacterial cell walls (Buonocore et al., 2014), while peroxidase is involved in the oxidative
response against pathogens (Alvarez-Pellitero, 2008), and the ACHS50 pathway comprises
a cascade of proteins, activated after contact with a pathogen, resulting in phagocytosis,
inflammation, or membrane disruption of the pathogen (Boshra et al., 2006). Several
studies demonstrated that hydrolysates contain bioactive peptides that can interact with
the immune system of fish, leading to enhanced immune responses (Siddik et al., 2021a;
Nguyen et al., 2023). Specifically, the stimulatory effect of dietary hydrolysates on the
immune system has been verified by the increased plasma lysozyme activity in different
studies in juvenile European seabass (Gisbert et al., 2018; Costa et al., 2020), and red
seabream (Khosravi et al., 2015). In the present study, lysozyme was significantly
influenced by the stress-induced challenge, being higher in stressed fish, which could
demonstrate activation of the immune response to a challenge. In addition, an interaction
between diet and stress was observed in peroxidase, which reached a significantly higher
value in the CTRL treatment after stress. This may indicate that the CTRL treatment
promotes higher immunomodulation, considered a positive effect, by possibly activating
immune cells, such as macrophages and neutrophils, which are involved in the production
and release of peroxidase (Faurschou and Borregaard, 2003; Machado et al., 2018).
However, Resende et al. (2022) found that the inclusion of 3% swine blood hydrolysates
did not increase significantly the innate immune parameters in the plasma of juvenile
European seabass. This fact reinforces the previously stated idea, that the effect of protein

hydrolysates on humoral non-specific immune parameters may vary due to several
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factors, such as the hydrolysate source, molecular weights, variations in the peptide
profiles, and amino acid compositions (Carvalho et al., 2004; Swanepoel and Goosen,
2018; Wu et al., 2018). Additionally, the quality and processing methods used to produce
the hydrolysates can influence their bioactivity and subsequent effects on the immune

system (Bogwald et al., 1996; Gildberg et al., 1996).

In relation to the infectious challenge with Photobacterium damselae subsp.
piscicida, an important bacterial pathogen of European seabass, no significant differences
were found between the two treatments with respect to the cumulative mortality, which
was low (<25%). However, it seems that if the infectious challenge was prolonged (longer
than the eight days studied) the SHARK treatment would lead to significantly lower
cumulative mortality than the CTRL treatment. It is important to state that this is to the
best of my knowledge the first work studying the in vivo effect of a marine hydrolysate
on this specific bacterium. This positive response in terms of mortality in juvenile
European seabass was observed in different studies such as the one conducted by Resende
et al. (2022), which found a significant increase in the resistance to a challenge with
Tenacibaculum maritimum after feeding a diet with 3% inclusion of swine blood
hydrolysates. Also, Gisbert et al. (2018), found that the inclusion of 5% shrimp
hydrolysate in a diet led to better survival rates after an outbreak with Vibrio pelagius.
Similarly, this positive effect was also reported in other fish species. Siddik et al. (2021b)
found a significant reduction in mortality in juvenile Asian seabass, fed a diet with an
inclusion of around 5% tuna hydrolysate, following a challenge with Vibrio harvei.
Khosravi et al. (2015) found that juvenile red seabream and olive flounder fed a diet with
the inclusion of 2% krill or tuna hydrolysate increased disease resistance against
Edwardsiella tarda. Suma et al. (2023) found that the cumulative mortality of juvenile
pabda against Aderomonas hydrophila was significantly decreased when fish were fed a
diet with 2% hydrolysate inclusion. Bioactive peptides found in marine hydrolysates have
been proven to have antibacterial and immunomodulatory properties (Siddik et al., 2021a;
Nguyen et al., 2023). However, those effects can vary depending on several factors,
including the composition and characteristics of the different hydrolysates used.
Furthermore, the efficacy of such hydrolysates also varies depending on the bacteria
causing the infection. These factors may contribute to the variability in the effectiveness
of different marine hydrolysates in reducing mortality rates following an infectious

challenge.
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5. Conclusions

The present study showed that a low inclusion (3%) of marine hydrolysates from
blue shark skin in aquafeeds with high levels of fishmeal replacement by vegetable
sources resulted in no apparent significant detrimental impact on the growth performance
and overall robustness of juvenile European seabass, when compared to an already in use
commercial diet. Therefore, it can be concluded that the hydrolysate used in the present
study has promising implications as a circular and functional ingredient for aquafeeds. In
addition to being a valid alternative ingredient to fishmeal in terms of acceptability and
growth, it can enhance the physiological mechanisms related to immune response, stress

modulation, and disease resistance under improved conditions or in different scenarios.

Further research should evaluate the bioactivity and tissue-specific effects of blue
shark skin hydrolysate on a variety of fish tissues, such as muscle, gut, liver, and head
kidney. Also, the study of the effects of hydrolysate inclusion on a vegetable-based diet
for European seabass over extended periods, and associated variations in gut microbiota,
would be beneficial to better understand the interaction of dietary nutrients and gut
microbiota, and their effects on host health, development, and growth. The effect of the
hydrolysate on peptide transporters (e.g., intestinal oligopeptide transporter, PEPTI — a
specific marker of dietary protein absorption) should additionally be considered. Future
studies could also examine the hematological profile and the expression of other
immunological markers, such as immunoglobulins, antiproteases, or even inflammatory
markers, to have a better understanding of the ability of hydrolysates to modulate the

immune response.
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