[BMPORTO

[PORTO

MESTRADO CIENCIAS DO MAR - RECURSOS MARINHOS

ESPECIALIZACAO AQUACULTURA E PESCAS

Impact of defatted mealworm larvae meal on
European seabass (Dicentrarchus labrax) flesh

Andreia da Silva Sousa

quality.

2

2020

Andreia da Siva Sousa. Impact of defatted mealworm larvae meal on
European seabass (Dicentrarchus labrax) flesh quality.

Impact of defatted mealworm larvae meal on European seabass
(Dicentrarchus labrax) flesh quality.

Andreia da Silva Sousa

INSTITUTO DE CIENCIAS BIOMEDICAS ABEL SALAZAR

M.ICBAS 2020



Andreia da Silva Sousa

Impact of defatted mealworm larvae meal on European seabass

(Dicentrarchus labrax) flesh quality

Dissertation for the Master Degree in Marine
Sciences — Marine Biology submitted to the
Abel Salazar Institute of Biomedical

Sciences from the University of Porto.

Supervisor: Professor Doctor Luisa Maria
Pinheiro Valente.

Category: Associate Professor.

Affiliation: Abel Salazar Institute of
Biomedical Sciences of the University of
Porto.

Interdisciplinary Centre of Marine and

Environmental Research — CIIMAR.



Acknowledgements

First of all, | would like to express my most sincere gratitude to Prof. Dra. Luisa Valente, for
all the opportunities she has been giving me over the years in my academic path as a trainee
in bachelor's and master's degrees and also in my professional career, allowing me to be part
of a project as a research fellow. Thank you for believing in me and for all the scientific
knowledge of excellence that you have been transmitting to me. For all this, | will be forever

grateful.

Secondly, | cannot help thank two special people: Ana Basto, for being my guidance in the
last years, for helping me from my first day to the last, for all the patience to teach me
everything, for the opportunity to let me be part of your project, and for all the friendship, thank
you; Alexandra Marques, for having taught me everything in the laboratory, for all the
fellowship and friendship, for always knowing how to answer my doubts, no matter how silly
they might be. This work would not be possible without the two of you, both sharpened as a
little researcher and | hope one day | will be able to repay all the help and affection you have

given me. Thank you both!

To LANUCE members, | want to thank everyone with all my heart, for all the wisdom in the
most diverse areas that you have given me, for the help and all the moments, good or bad, that
we have been going through together, certainly made these years unforgettable. Special thanks
to Tiago and David for all the help in the last moments of this journey. To Inés, Mariana, Luis,

Catia, Olivia, Cristina, Ricardo, Daniela, Vera e Beatriz thank you very much.

To Prof. Dr. Eduardo Rocha and all the master colleagues, specially Dionisio, Medina, lvan,
and Juliana. Thank you for all the support in the last two years, it was a pleasure to meet you

and finish this journey with you.

To my dear “migas”, Lara, Filipa, Bruna, Maria, and Marisa. You are everything that | always
envisioned in a friendship, you were always with me from the first day in college and for sure
this will be just a chapter that we travel together. Thank you for all we lived together, to share
with me the absolute best times of my life, for the encouragement in the most difficult times,

and for being who you are. For this and for all that is yet to come | am eternally grateful.

To “slowly lowly”, Nuno, Dani, Inés, Ju, and César. Thank you for all the fun moments we
have been passed together, but mainly for helping me to grow as a person, to overcome my

fears, and to be much of what | am today. | am so happy to have shared these years with you
i



and to have seen all of our personal development. | look forward to seeing all that we will one

day become and to spend the next stages of life together. Thank you for everything.

A big thanks to my family, especially to my parents that were always concern about “my fish”.
Thank you so much for always believing in me and my dreams, letting me be who | am, and for
constantly supporting me no matter what during the last years, even when the choices were
not easy. To my brother, who probably does not quite understand what | do in my work, but
who nonetheless supports me unconditionally. Thank you for being the best brother and for
always making me laugh with our conversations. For all the challenges that we overcame
together and for all that you gave me, thank you both for being my role models. Your

unconditional love and support have made me who | am, and it reflects on these pages.

Last but not least, a special thanks to Joao, for being my safety spot wherever you are. Thank
you for constantly making me see what | am capable of, for carefully listening to my worries,
concerns, and especially for being as much crazy as | am. Thank you for all your support; you

are my foundation throughout all my challenges.



Abstract

The expansion of the aquaculture sector and overexploitation of marine resources led to a
global reduction of the use of fish meal (FM) and fish oil in industrially compounded aquafeeds.
The insect meal (IM) is a rich source of protein with a well-balanced amino acid profile, lipids,
and vitamins, and was approved by the European Union in 2017, being considered an

alternative protein source for aquafeeds.

This work aimed to evaluate the feasibility of replacing increasing levels of FM (0, 50, and
100%) by defatted Tenebrio molitor (TM) larvae meal in European seabass (Dicentrarchus
labrax) diets. Each dietary treatment was assigned to quadruplicate homogeneous groups of
15 fish that were fed for 16 weeks. By the end of the experiment, several characteristics of the
fillet quality were evaluated in 12 fish per treatment. The nutritional value of fish carcass and
muscle was evaluated after chemical determination of total lipids and fatty acids profile. The

fillet was also evaluated in terms of colour, texture, and global acceptance by a sensory panel.

Overall, results were promising for all diets tested, but when compared to control (CTRL), the
diet where 50% FM was replaced by TM (TM50) resulted in the best feed conversion ratio and
protein efficiency rate, indicating a better use of this diet by the fish. In terms of fatty acid
retention, there were no maijor differences amongst diets. Muscle had a greater deposition of
saturated fatty acids with increased inclusion of insects in the diet, but, on the contrary, there
were no significant differences in the sum of monounsaturated and polyunsaturated fatty acids.
There was also a decrease in the n-3 / n-6 ratio with TM inclusion. Despite the reduction of the
relative content of EPA and DHA (% total fatty acids) in the muscle, the absolute values of EPA
+ DHA in a fillet portion of 100 g for human consumption remained above the recommended
levels for human consumption (>0.25g / 100g of wet weight) in all fish and did not vary
significantly among treatments. These results suggest a possible partial replacement of fish

meal with Tenebrio molitor in diets for European seabass.

Keywords: aquaculture; seabass; insect flour; Tenebrio molitor; alternative protein sources;

fatty acids



Resumo

A expansdo do setor da aquacultura e a exploracdo de recursos marinhos levaram a uma
diminuig¢ao global da utilizagao de farinha e dleo de peixe na produgao industrial de ra¢des. A
farinha de inseto € um ingrediente rico em proteina, com um perfil de aminoacidos equilibrado,
lipidios e vitaminas. Foi aprovada pela Unido Europeia em 2017, sendo considerada uma fonte

proteica alternativa em ragdes para peixes.

Este trabalho visou avaliar a viabilidade de substituir a FM por niveis crescentes (0, 50 e
100%) de farinha de inseto Tenebrio molitor desengordurada em dietas para robalo europeu
(Dicentrarchus labrax). Cada tratamento dietético foi distribuido em quadruplicado por grupos
homogéneos de 15 peixes que foram alimentados durante 16 semanas. No final do ensaio,
varias caracteristicas da qualidade do filete foram avaliadas em 12 peixes por tratamento. O
valor nutricional da carcaga e musculo dos peixes foi avaliado apds determinacéo quimica dos
lipidios totais e do perfil acidos gordos. Foi ainda realizada uma avaliagdo sensorial do filete

através da cor, textura e aceitagao global recorrendo a um painel sensorial de consumidores.

No geral, os resultados foram promissores para todas as dietas testadas, mas quando
comparadas com o CTRL a dieta que obteve melhores resultados foi a dieta onde se substituiu
50% da FM por TM (TM50) que resultou numa melhor taxa de conversao alimentar e eficiéncia
proteica, indicando uma melhor utilizagao da dieta TM50 por parte dos peixes. O musculo teve
uma maior deposicao de acidos gordos saturados com o aumento de inclusdo de insetos na
dieta, mas, pelo contrario, ndo houve diferengas significativas no somatério de acidos gordos
monoinsaturados e polinsaturados. Também houve uma diminui¢do no racio n-3 / n-6 com a
inclusdo de TM. Apesar da diminuicdo da % relativa de EPA e DHA (% acidos gordos) no
musculo, os valores absolutos de EPA + DHA num filete de 100 g mantiveram-se acima dos
niveis recomendados para consumo humano (>0.25 g/ 100 g de peso fresco) em todos os
peixes e nao variando significativamente entre tratamentos. Estes resultados indicam a
possibilidade de uma futura substituicao parcial de farinha de peixe por farinha de inseto

Tenebrio molitor em dietas para robalo.

Palavras chave: aquacultura; robalo; farinha de insetos; Tenebrio molitor; fontes proteicas

alternativas; acidos gordos
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1. Introduction

1. 1. Aquaculture role in fish supply: numbers and trends

Currently, aquaculture is the fastest-growing food production sector and plays an important
role in fish supply for human consumption. In 2018, approximately 88% of the total fish
production was directly used for human consumption and only 12% was used for non-food
purposes. In 2018, global aquaculture production reached 114.5 million tonnes (including
aquatic algae, ornamental seashells and pearls production), with finfish production being
responsible for 54.3 million tonnes, followed by molluscs and crustaceans production with 17.7
and 9.4 million tonnes, making the aquaculture sector the fastest growing one in food
production (Figure 1) (Clavelle et al., 2019; FAO, 2020).
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30
20
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0
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= Aquaculture - marine waters mmmm Aquaculture - inland waters
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Figure 1. World capture fisheries and aquaculture production. Retrieved from: FAO (2020).

Asia leads the world aquaculture production accounting for 74% of total world production.
However, this percentage has been decreasing due to the rise of aquaculture production in
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Europe. In 2017, aquaculture production in the European Union reached 1.37 million tonnes,
the highest value of the last 10 years (EUMOFA, 2019a). This increase in volume represented
a value of EUR 5.06 billion and is related to several factors such as the strengthening in the
economic value of some of the most commercialized species due to their high demand
(EUMOFA, 2019a). Another significant remark is related to aquaculture entrepreneurship.
According to FAO (2018), 19.3 million people were employed in the aquaculture sector,
contrary to the fisheries sector that decreased their employees by 68% between 1990 and
2016.

Regarding aquaculture species, grass carp (Ctenopharyngon idellus), silver carp
(Hypophthalmichthys molitrix), and Nile tilapia (Oreochromis niloticus) were the top three
species produced in the world in 2018 (5704.0, 4788.5 and 4525.4 thousand tonnes,
respectively) (FAO, 2020). Regarding the European Union, the values of aquaculture
production by main commercial species are represented in Figure 2. The top five producers in
the EU were Spain, the United Kingdom (UK, values before Brexit), France, Italy, and Greece.
Other countries as Portugal and Malta had a remarkable increase in their production of oyster

and bluefin tuna, respectively.

Turbot ,—Other species
Carp 29 5%
Mussel

4%
Salmon
26%
9%
Trout
[}
Glithead seabream 14%

9%

Bluefin tuna
5%

Clam

6%

Oyster

European sea bass 10%

10%

Figure 2. Composition of EU aquaculture production by main commercial species (in value): Retrieved from:
EUMOFA (2019a).

The species with higher commercial value in EU was by far Atlantic salmon (Salmo salar),
followed by trout. Most of the salmon production occurs in the UK (90%), with market values
around 6.32 EUR/kg. Trout production takes place mainly in Italy (18%), France (19%), and
Denmark (16%), with an average price of 3.53 EUR/kg. Pacific cupped oyster (Crassostrea

gigas) is the main oyster species produced in the EU, dominated by France and with a market



price of 4.97 EUR/kg (EUMOFA, 2019a). Regarding other main commercial species, European
seabass is a marine fish species with high commercial value in Southern Europe and an
important economic impact in Mediterranean countries. In 2017, the EU European seabass
production account for 79.102 tonnes, around 490 million € (EUMOFA, 2019a). Spain is the
top EU aquaculture producer, and this is mainly related to seabass production. They are
followed by Greece, due to their dominance in exports among EU trade (62% of all intra-EU
exports in 2016), counting with 44285 tonnes of production valued as 5.59 EUR/kg, which worth
248 million € in 2017 (EUMOFA, 2019b). It is important to highlight that seabass production in
Spain increased by 125% in the last 10 years, a remarkable increment, and emphasizing its

importance in aquaculture production (EUMOFA, 2019a).

1. 2. The relationship between consumers and the aquaculture fish market

Nowadays, fish consumption represents 17% of the global population’s intake of animal
proteins and fish consumption per capita increased from 9.0 kg in 1961 to 20.5 kg in 2018
(FAO, 2020). In 2017, the EU consumption of fish and seafood was 12.45 million tonnes in live
weight, meaning a per capita consumption of 24.35 kg. Although aquaculture was only
responsible for 6.35 kg, this value has been increasing. Fish stocks are overexploited and
aquaculture as the fastest growing animal production sector plays, now more than ever, and
an important role in fish supply for human consumption (EUMOFA, 2019a). Portugal is the main
fish consumer per capita in the EU (56.8 kg/year), and the member state with the most balanced
ratio between fish and meat consumption, followed by Spain, Malta and Luxembourg (Figure
3). On the contrary, Hungary is the consumer with the lowest consumption per capita in the EU,
followed by Bulgaria, Romania, and the Czech Republic (EUMOFA, 2019a; Hua et al. 2019).

In 2017, a study was conducted to evaluate the consumers' purchase preference between
farmed or wild fish. It was concluded that wild fish is significantly desired at the EU level, and
34% of the population prefers wild fish over farmed products (8%). This predilection shows
different values among age classes, where younger people tend to prefer farmed fish while
older people prefer wild fish (European Commission, 2017a). Moreover, another study
developed by Claret et al. (2016), has demonstrated at least on this date that under blind
conditions consumers prefer farmed fish but, when informed, their preference goes to wild fish.
This happens because there are several factors influencing food choices, in particular fish

choices. Consumers' choices may change not only due to their preferences, economic, and life
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status but also due to product characteristics, such as sensory and nutritional quality and price
(Thong and Solgaard, 2017). The frequency of consumption of aquaculture products is
positively correlated with the age of consumers, where, the older the person, the higher
frequency of consumption (Morales and Higuchi, 2018). It is also positively related to
socioeconomic status, where people with higher socioeconomic status consume fish
aquaculture products more often than lower-class citizens such as students and workers

(European Commission, 2017b; Thong and Solgaard, 2017).
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Figure 3. Per capita apparent consumption of fisheries and aquaculture products by EU members (kg live
weight/capita/year). Retrieved from: EUMOFA (2019a).

Among the non-consumers of aquaculture fish products, the major issue is related to the
organoleptic specifics of seafood such as the taste, smell and appearance, as well as the
emergence of new ideologies that affect feeding like veganism or vegetarianism (European
Commission, 2017). A study conducted by Ruiz-Chico et al. (2020) regarding the social

4



acceptance of aquaculture products by Spanish consumers revealed that some of the
respondents (19.69%) are concerned with the abusive feeds and/or chemicals in operating
companies, and also pointed out the quality and taste of the fish (8.46%). However, if safety is
ensured, the consumer is willing to pay more for aquaculture products than those from the sea,
making food safety an important factor in aquaculture product choice (Ruiz-Chico et al. 2020).
Another study carried out by Pieniak et al. (2013) revealed that 68.5% of the participants
(European participants) affirm that the phrase “Farmed fish contains more mercury than wild
fish” is true, indicating that stigmas may be one of the major problems in aquaculture impact in

fish purchasers.

1. 3. The importance of fish for human consumption

Fish has optimal levels of digestible protein, peptides, essential amino acids, vitamins (A; B12;
D and E) minerals (iodine and selenium), bioactive compounds (taurine; phytosterols;
antioxidants and phospholipids), and essential fatty acids (EFA) (Elvevoll et al., 2006; Kwasek
et al., 2020; Larsen et al., 2011; Nogales-Mérida et al., 2019; Tocher, 2015).

Fatty acids include saturated (SFA), monounsaturated (MUFA) and polyunsaturated fatty
acids (PUFA). The saturated fatty acids are directly related to cardiovascular diseases (Larsen
et al., 2011; Swanson et al., 2012). Regarding the omega-3 long-chain PUFA (LC-PUFA), they
are the most beneficial to health, due to their anti-inflammatory properties, improvements in
cardiovascular functions and Alzheimer's prevention. The advantage of fish consumption by
humans is mainly due to the presence of omega-3 LC-PUFA, eicosapentaenoic acid (C20:5n-
3; EPA) and docosahexaenoic acid (C22:6n-3; DHA) (Figure 3) (Kwasek et al., 2020). These
two EFAs can be obtained by direct fish consumption or synthesized through alpha-linolenic
acid (C18:3n-3; ALA), but it is important to note that this endogenous synthesis of omega 3 and
6 does not occur in most species, including humans, so the only way to obtain them is through
the direct dietary intake (Alvergne et al., 2016; FAO, 2010; Lund, 2013; Mozaffarian and Wu,
2012). Recommended daily intake of EPA and DHA by EFSA generally ranges from 250 mg to
500 mg per day for adults, with an additional 200 mg of DHA per day for pregnant and
breastfeeding women. Patients with heart disease are recommended to take 1 g of EPA and
DHA daily, while those with hyperglycaemia are advised to take 2 to 4 g of EPA and DHA daily
(EFSA, 2012; Lichtenstein et al., 2006; Sardesai, 2020).



Seafood n-3 PUFA

Elcosapentaenoic ackd Docosapentaenolc ackd Docosahexaenols ackd
EPA (20:5n-3) DPA (22:5n-3) DHA (22:6n-3)

Figure 4. Structure of n-3 PUFA. Adapted from: Mozaffarian and Wu (2012).

The major benefits of n-3 PUFA consumption are associated with the cardiovascular system
since they play a major role in preventing heart diseases (Elvevoll et al., 2006; Kris-Etherton et
al., 2002; Larsen et al., 2011). This happens because the substitution of SFA for PUFA
decreases the low-density lipoprotein (LDL) cholesterol concentration, known as the “bad
cholesterol” and consequently also decreases the risk of heart disease (Burlingame et al. 2009;
FAO, 2010). Moreover, Alvergne et al. (2016) reported that in addition to heart disease, fish-
based diets with high concentrations of n-3 LC-PUFA may be associated with a decreased
onset of cancer, inflammatory and immune diseases. Concerning psychological disorders, EPA
and DHA may prevent the development of depression, attention deficit, hyperactivity disorder
and dementia (FAO, 2010; Janssen and Kiliaan 2014; Larsen et al., 2011; Tacon and Metian,
2013). Brain, retina, and neural tissues are rich in LC-PUFA and so, there are some special
recommendations for fatty acids intake in the early stages of life as a fetus, infant, and children,
to ensure the proper development of the eyes and brain (Janssen and Kiliaan, 2014; Larsen et
al., 2011; Lund 2013; Tacon and Metian, 2013).

The consumption of fish is important to meet EPA and DHA daily requirements. The EPA and
DHA quantities found in the different fish/shellfish species are presented in Table 1. Normally,
the health benefits of fish consumption are related to lipids effects, but proteins and peptides
also have nutritional significance depending on their amino acid composition, length and

structure. Boukortt et al. (2004) demonstrated that fish proteins have a positive impact on
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controlling diabetes since they enhance the antioxidant defences in kidney and heart, the first
organs attacked by diabetes complications. Furthermore, fish protein stimulates the control of
weight gain due to increased satiety and thermogenesis (Ait-Yahia et al., 2003; Larsen et al.,
2011).

Table 1. Selected food sources of EPA and DHA content (g). Retrieved from: Sardesai (2020).

Source EPA (g)* DHA (g)*
Herring 1.06 0.75
Salmon 0.86 0.62
Sardines 0.45 0.74
Crab 0.24 0.10
Oysters 0.75 0.93
Tuna 0.40 0.44
Trout 0.45 0.74
Mackerel 0.43 0.59
Shrimp 0.07 0.10

*Values presented regarding serving sizes with 87.5 g.

1. 4. Importance of fillet quality

The nutritional value of fish muscle may vary according to numerous aspects, such as fish
species, age, sexual maturity and size. Genetics and environmental conditions (oxygen
concentration, temperature, photoperiod and pH) also play an important role in muscle
development. The dietary composition is the main determinant of the nutritional content of fish
muscle. The study of fish nutrition is important to improve knowledge and overcome the

challenges posed by the increased product demand (Videler, 2011).

Fish muscle growth and development is a balance between muscle fibre hyperplasia and
hypertrophy and elongation. This growth is divided into three phases: 1) the embryonic phase,
2) the late embryonic and early larval phase, and 3) the late larval and juvenile phase (Valente
et al., 2013). In fish muscle, there are three different categories able to affect muscle’ quality,
the muscle fibres (made up of protein-rich myofibrils), cell membranes (formed by lipids as
phospholipids), and connective tissue assembled by collagen (Kiessling et al., 2006). Fish axial
muscle is organized into myotomes in red, pink, and white muscle (Figure 5). Red muscle is
the superficial layer under the skin and uses aerobic metabolism. White muscle is the deep
layer forming lateral muscles of fish using anaerobic metabolic pathways and represents 80-
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95% of the edible portion of the muscle, depending on the species (Johnston, 2008; Lépez-
Albors et al., 2008). The intermediate layer, i.e. pink muscle, develops towards the end of larval
life in some species (Johnston, 1999; Periago et al., 2005; Veggetti et al., 1990; Videler, 2011).
The muscle colour is related to its composition; the red muscle has greater vascularization and
its colour is due to the presence of myoglobin, which is not observed in the white muscle
(Videler, 2011). Adipocytes are in the myoseptum, a structure of the connective tissue that can
separate muscle layers and increase muscle growth. They are responsible for the storage of
lipid content of the muscle that will further affect muscle colour and flavour (Johnston, 2008;
Weil et al., 2013).

Subcutaneous dorsal adipose tissue

Figure 5. Diagrammatic organization and distribution of muscle. Adapted from: Listrat et al. (2016).

The study of fish sensory and nutritional characteristics is important for the fish industry since
these properties will determine its acceptance by the consumer, especially in the white muscle
(Coppes et al., 2002; Martinsdottir, 2010). The most important properties of fish muscle to
achieve consumers’ satisfaction are the colour, texture, fat content, flavour (aromas), and
chemical composition (Spence et al., 2010; Suman and Joseph, 2013). Colour and texture are
influenced by intrinsic factors (species, size, and sexual maturity) and extrinsic factors (source
of nutrients, season, water salinity, temperature, etc.) (Fuentes et al., 2010). The nutritional
value and organoleptic characteristics of fish are especially affected by farming conditions;
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artificial diets provide a wide range of nutrients, which determine not only the growth rate of the
fish but also the composition of the flesh, in particular the lipid content, which can be modified

both quantitatively and qualitatively (Izquierdo et al., 2003).

Flesh colour is important from a commercial point of view. The visual indicative cannot change
the food taste directly, but it can influence the gustatory, olfactory, oral-somatosensory
qualities, and the general perception of the flavour. Colour is the first stimulus for consumers
through skin pigmentation or fish body shape (Spence et al., 2010; Suman and Joseph, 2013).
Colour is an attribute whose evaluation becomes relevant in the quality control of products
since it is an important sensory attribute of food that directly determines its acceptability (Gatlin
et al., 2007). From the physical-chemical point of view, colour is the result of the interaction
between a source of light and pigments, through which energy is absorbed and emitted as
complementary non-absorbed radiation, in the region of wavelengths that human vision is
capable of perceiving (Cairone et al., 2020; Clydesdale, 1991). Colour can be modified by the
inclusion of pigments in dietary ingredients. The effects resulting from the inclusion of pigments
in a diet on the colour of fillet have been widely described in fish with pigmented muscle, such
as salmon (Belghit et al., 2018; Gatlin et al., 2007). For seabass, as it is a white fillet fish, it
must be taken into account that the ingredients used in the formulation of the diets do not
change the final colour of the product, as these changes may negatively affect the perception

of the consumer (Li et al., 2007).

Texture and flavour are two of the most important measurements to assess flesh sensory
evaluation since they can lead to a better consumer eating experience. Texture evaluation
implicates mouth-feel, firmness, chewiness, juiciness and dryness that can be modified by
enzymatic and chemical reactions, changes in elasticity or development of toughness (Bugeon
et al.,, 2010; Coppes et al.,, 2002; Johnston, 2008). Firmness and fillet separation are
determinants in consumer acceptability, one is related to muscle cutting problems and the other
with post-mortem fracture of the connective tissue matrix amidst muscle fibres, respectively
(Johnston, 2008). Muscle cellularity (number of fibres and diameter) simultaneously with the
firmness of the raw flesh is an important determinant of the textural characteristics of the flesh,
mainly of white muscle. Species with firmer texture had smaller fibres than species with softer
texture (Ayala et al., 2005; Johnston, 1999; Periago et al., 2005). Collagen also affects fish
texture due to its role in mechanical strength of the connective tissue matrix preserving all
myotomes through collagen proteins (Cheng et al., 2014; Chéret et al., 2005; Johnston, 2008;
Johnston et al., 2006; Torgersen et al., 2014). Lipids in fish flesh are divided into neutral and

polar. Neutral lipids are triglycerides that are known for having a large quantity of LC-PUFA,
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and polar lipids are a steady content of fatty acids. They have a pivotal role in muscle texture
since flesh fat content exceeding 18% (normally in diets with high lipidic energy) will decrease
the texture (in this case, hardness) of fish fillet and processing characteristics (Johnston et al.,
2006; Taylor et al., 2002; Weil et al., 2013).

1. 5. The importance of new protein sources in aquaculture feeds

The increase of aquaculture production is highly dependent on the increased production of
aquafeeds, which are strongly dependent on FM as a major source of protein, particularly to
produce carnivorous fish species (FAO, 2018). However, the world availability of FM is
becoming scarce and its utilization competes not only with other animal feeds but also directly
with human nutrition (Rana et al., 2009). According to EUMOFA (2019) data, each year 20
million tonnes of raw material are used to produce FM, leading to a evaluation and consequent
increase in FM price. In the last twenty years, the FM price increased more than 400% and fish
farming has grown more than 200% due to increased human consumption (Belforti et al., 2015;
Nogales-Mérida et al., 2019). Thus, the sustainable development of aquaculture depends on

the selection of alternative protein sources to FM (Campos et al., 2017).

FM is a rich source of protein due to its well-balanced amino acid profile and high palatability.
FM is produced from wild fish, fish by-products and macroinvertebrates and consists of 60—
72% protein and 5-12% fat, mainly LC-PUFA such as EPA and DHA (Shepherd and Jackson,
2013; Tacon et al., 2011). Also, FM is a great source of EFA, minerals (calcium, phosphorus,
iron, zinc, selenium, and iodine), and vitamins (riboflavin, niacin, vitamins A and D), (Al-Qazzaz,
and Ismail, 2016; Barroso et al., 2014).

Carnivorous fish species are the most produced fish in European aquaculture and FM total
substitution is still an obstacle for the feed industry (Gasco et al., 2018; Ido et al., 2019). This
fish species need large quantities of wild fish and, in this case, pelagic fish account for 70% of
aquaculture production, leading to an unsustainable production due to the intensive use of
natural fish stock resources (Froehlich et al., 2018; Hua et al., 2019). This issue has strong
ecological impacts since forage fish catches reached their limits and affects directly higher
trophic species as large fish, marine mammals, and seabirds since they’re the bonding between

them and the primary producers (Cashion et al., 2017; Clavelle et al., 2019).
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1. 6. Insect meal: a possible substitute for fish meal

Recently, insects have been pointed out as a good protein source for human consumption,
livestock, and fish feed (Bosch et al., 2019; Tinder et al., 2017; Huis and Oonincx, 2017). In
2017, the EU authorized the use of insect proteins from seven insect species (black soldier fly
(Hermetia illucens), common housefly (Musca domestica), yellow mealworm (Tenebrio
molitor), lesser mealworm (Alphitobius diaperinus), house cricket (Acheta domesticus), banded
cricket (Gryllodes sigillatus) and field cricket (Gryllus assimilis)) in aquafeeds (European

Commission, 2017a).

There are advantages in using insects as feed ingredient (Tang et al., 2019). Arthropods like
the shrimps have a large variety of species, having great biodiversity, short maturation periods
with a high reproduction rate, which allows a regular production on a large scale. (Al-Qazzaz,
and Ismail, 2016; Rumpold, and Schltter, 2013). Moreover, the complete life cycle of an insect
is much shorter when compared to other animals. This will benefit not only the production rate
but also the possibility to genetically improve insects and select the more convenient lines
(Huis, 2020).

Insects are poikilothermic animals, so that they don’t need energy to regulate body
temperature and, consequently, they have more energy available to convert feed into body-
weight, improving values of FCR (Halloran et al., 2016). It is estimated that broiler chickens,
pork and beef requires approximately 2.5, 5.0 and 10.0 kg of feed, respectively, to gain 1 kg of
weight, while insects only need 1.7 kg of feed to increase 1 kg of body mass (Huis, 2013).
Another benefit is the fact that around 80% of an insect is edible and digestible (compared with
55% for broiler chickens and pigs and only 40% for beef), avoiding losses or possible costs in
removing feathers, bones, cartilage, or fur/hair that normally don’t have high nutritional value
(Koutsos et al., 2019; Parodi et al., 2018; Huis, 2013). Also, insects are part of some
carnivorous fish species diet, which could mitigate the lack of FM for partial and total

substitutions for these species (Gasco et al., 2018).

Insects are eco-friendly since their production has a low ecological footprint due to the fewer
greenhouse gases emission, requirement of small land areas and need of little water
consumption (Magalhées et al., 2017; Sogari et al., 2019). Approximately 80% of the global
agriculture land and 29% of the water are used by livestock production (Weindl et al., 2017).
For instance, to produce 1 kg of chicken, pork, or beef, a total of 1498, 2819, and 9678 litters

of water are needed, respectively, unlike insects that need only 25 litters to produce the same
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amount (in these case, of mealworm) (Koutsos et al., 2019). The only greenhouse gases
emission in insect production results from drying the larvae and feed manufacture, and even
these can be minimized. For instance, mealworms release 20 times less methane and 50 times
less nitrous oxide emissions than pigs (described per kg of body weight gain) (Parodi et al.,
2018). It must be considered that insects have several food sources to grow on such as
industrial waste (Varelas, 2019). Mealworm, for example, can be produced in organic waste
such as fruits and vegetables, housefly can grow in dung but the species that can better perform
in this type of growth is the black soldier fly that uses nearly every type of waste for growth
(FAO, 2013; Rumpold and Schluter 2013). This is a good opportunity to give livestock an
additional value with biowaste degradation and using by-products converting them into food,
feed, and fertilizers. They can also have a role in biodiversity conservation since they boost

plant pollination and pest control (Giroud et al., 2016; Varelas, 2019).

1. 6. 1. Insects production and prices

Insect production has been increasing since it has been seen as a possible replacement of
conventional animal ingredients in the various production areas and the numbers show that the
insect feeds market increased by 14% between 2011 and 2015, with the large quantities
directed to poultry, followed by pigs and fish production (Huis and Oonincx, 2017). Insect prices
may vary greatly depending on the species concerned or the type of production associated.
Their production is divided into three main categories, harvesting, semi-domestication (outdoor
farming), and farming (indoor farming) (Varelas, 2019). Insects harvest from nature had no
fixed price since there may be environmental fluctuations where they are caught (FAO, 2013).
In these cases, several factors can increase prices such as intensive pesticide use,
deforestation, and overall pollution. However, this method is not feasible due to the possibility
of generating overexploitation of the species, leading to extinction and forest destruction, and
due to the difficulty of controlling hygiene and sanitary conditions. In addition, these fluctuations
could lead to a variation in the composition of flour that was made with these wild insects (FAO,
2013; Rumpold and Schliter, 2013; Huis and Oonincx, 2017).

In Europe, more precisely in the Netherlands, 50 g of freeze-dried mealworms are sold for
4.58 € and so, the final product can cost up to 32 EUR/kg rehydrated weight. Many factors can
change the price of insects, for instance, the life stage (larvae, pupae, adult), the amount and
size of the order, the processing technologies (dried, frozen), and the stakeholders' type

(retailers or wholesalers) so that, the price of black soldier fly may vary from 2 EUR/kg to 9
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EUR/kg and mealworms from 15 EUR/kg to 32 EUR/kg (Rumpold and Schliter, 2013).
Nevertheless, for the EU economy, there are alternatives to decrease production costs, for
example, using food waste and nonprofitable by-products from manufacturing procedures,

achieving price advantage compared to importing FM and soybean (Grau et al., 2017).

Although insect meal price is generally higher than FM, efforts have been made to counter
the trend. According to the Brabant Development Company, insect meal prices will compete
with FM prices by the year 2023 (Arru et al., 2019). This will happen when insect production
reaches around 80% of mechanization, leading to a decline of production costs as manual farm
labour decreases and boosting up productivity and efficiency for a better quality product (Giroud
et al., 2016). Despite the difficulties and restrictions, the market for insect business has been
growing with the rise of many firms and start-ups in Europe (Ynsect, Protix, Mutatec, and
Hermetia Baruth GMBH) and the rest of the world (as Entofood, Agriprotein, Enviroflight,
Enterra) (Arru et al.,, 2019). It is important to notice that insect rearing is practicable in
developing countries since the only requirements for its development are a low-tech and low

capital investment in order to achieve secure and quality products (Wang and Shelomi, 2017).

1. 6. 2. Insects nutritional value

The insects' nutritional profile is very difficult to establish once it relies on the developmental
state (fat content can be higher in larval and pupal stages than at the adult stage), on the sort
of feed composition they have in the wild or is provided with (vegetables, grains, or waste) and
on treatment (drying procedures and deffating techniques) (Barroso et al., 2014; Gasco et al.,
2018; Mariod, 2020).

Insects have a high protein content and can convert protein from diets to body mass levels in
higher levels than poultry (accrue 33% compared to 22-45% in yellow mealworms and 43—
55% in black soldier fly larvae) (Al-Qazzaz and Ismail, 2016; Henry et al., 2018; Rumpold and
Schluter, 2013; Huis and Oonincx, 2017). They are a rich source of lipids, 10-50%, and proteins
with high biological value, 9-60%; due to the high-fat values, processing diets to defatting meals
with solvents as petroleum ether or mechanical pressure is quite common in the feed industry
once they can raise protein values to 70% and also, increase nutrient’s accessibility (Basto et
al., 2020; Choi et al., 2017; Henry et al., 2018). Table 2 provides the nutritional values of the
most studied insect species for food and feed (black soldier fly, common housefly, and yellow

mealworm).
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Table 2. Comparison of chemical constituents (% DM), essential amino acids (g 16 g ' nitrogen), and fatty acid

profile (% fatty acid) between some insects’ species. Adapted from: Basto et al. (2020); Makkar et al. (2014).

Black soldier fly ﬁg[:‘s’;‘]fl’; m:;'\':(‘)"l’rm
Crude protein 41.1-43.6 42.3-60.4 47.2-60.3
Crude fat 15.0-49.0 9.0-26.0 29.4-431
Gross energy (mJ kg ' DM) 21.9-22.1 20.0-24.4 26.4-27.3
Ash 7.8-28.4 6.2-17.3 1.0-4.5
Calcium (g kg "' DM) 5.0-8.6 0.3-0.8 0.3-6.2
Phosphorus (mg kg ' DM) 6.4-15.0 9.7-24.0 4.4-14.2
Essential amino acids
Arginine 5.3-6.1 3.7-5.8 3.8-5.6
Histidine 2.3-4.5 1.0-3.6 3.2-3.6
Lysine 6.0-8.0 5.0-8.2 4.6-6.1
Threonine 1.3-4.8 2.0-41 3.5-4.4
Isoleucine 4.7-5.6 2.3-3.7 4.1-5.0
Leucine 7.1-8.4 4.5-6.4 7.4-10.6
Valine 6.4-9.1 1.3-4.9 5.5-6.6
Methionine 1.7-2.4 1.3-3.7 1.3-2.0
Phenylalanine 4.6-5.6 3.7-5.9 3.54.3
Fatty acids
Lauric acid (C12:0) 21.4 - 0.0-1.0
Myristic acid (C14:0) 29 4.1-6.8 2.3-6.4
Palmitic acid (C16:0) 16.1 26.7-38.0 16.1-28.7
Stearic acid (C18:0) 5.7 2.3-4.4 2.3-3.1
Palmitoleic acid (C16:1) - 6.1-25.9 2.8-6.1
Oleic acid (C18:1) 32.1 21.8-27.7 27.7-43.3
Linoleic acid (C18:2) 15.5-24.0 16.4-23.1 23.1-31.0
Linolenic acid (C18:3) 0.2 2.0 1.1-1.4
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Insects can provide high levels of essential and non-essential amino acids fulfilling the World
Health Organization (WHO) guidelines, especially when it comes to lysine, methionine and
leucine that are the most limiting amino acids in other sources as vegetable protein alternatives.
Vitamins A, Bi.12, C, D, E and K also appears in the right values to fulfil human nutritional
requirements (Al-Qazzaz and Ismail, 2016; FAO, 2013; Sanchez-Muros et al., 2014; Tang et
al., 2019). Micronutrients are presented in high amounts of potassium, iron, magnesium,
selenium and calcium values (Mancini et al., 2018; Mariod, 2020; Nogales-Mérida et al., 2019;
Rumpold, and Schlater, 2013).

Regarding fatty acids, there may be a disadvantage in the use of insects for fish feeding. Fat
fluctuates from 7g to 77 g/100 g (dry weight), with a higher concentration in the larvae than the
adults, but with a lack of EPA and DHA values when compared to FM, decreasing the n-3/n-6
ratio, especially the n-3 values. The highest values of SFA in insects are related to palmitic acid
(80%) followed by monosaturated fatty acids (MUFA) represented by oleic acid, and finally,
PUFAs mainly linoleic acid (Al-Qazzaz, and Ismail, 2016; Barroso et al., 2014; Gasco et al.,
2018; Tang et al., 2019). This may lead to nutritional deficiencies that will affect final product
quality concerning muscle properties and human nutritional necessities (Llagostera et al.,
2019). However, great ductility of lipid content of some insects enables the increase of n-3
values when rearing larvae in fish by-products, such as fish waste, or seaweed (which in this
case must be used carefully due to their levels of heavy metals and arsenic), leading to a 4%
increase of PUFA, thus, lipid quality can be managed when a suitable feedstuff is designed to
balance insect fatty acid content (Barroso et al., 2014; Cardinaletti et al., 2019; Gasco et al.,
2018).

There is little information regarding the impact of chitin and antimicrobial peptides present in
insects and that can affect fish health. Chitin is a polysaccharide part of insect exoskeleton, it
is not digestible by humans (and is poorly digested by animals), turning it into an anti-nutritional
factor. The main concern in human health is the risk of causing allergies, asthma, or
inflammations in the human system (Al-Qazzaz and Ismail, 2016; Llagostera et al., 2019;
Mariod, 2020). Despite all chitin problems, some authors allege that chitin can perform as a
prebiotic and strengthen the intestinal microbiota with their immune stimulation (Sogari et al.,
2019). Also, it can provide antifungal and antimicrobial traits, which could lead to improvements
in fish immune status. As chitin, other components as lauric acid and antimicrobial peptides
have bioactive traits that strengthen gut health, mainly against Gram-positive and negative
bacteria (Llagostera et al., 2019; Gasco et al., 2018; Sogari et al., 2019).
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Various insects’ species were already tested in different trials with fish species as protein or
lipid sources to replace dietary FM. Table 3 illustrates some insects that were already used in
the diets of different fish species and the main results obtained. Later on, a focus will be placed

on the insect used in this study (Tenebrio molitor).
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Table 3. Insect species used in aquaculture trials and their main results.

of long-chain unsaturated fatty acids.

Apblied Inclusion
Insect Life stage PP . levels Main results Reference
Species 0
(%)
Larva Oncorhynchus 0, 22, Proximate composition was not affected; (Mancini et al.,
mykiss 44% A significant increment in SFA percentage. 2018)
ADC?* of protein, lipid, amino acid, and fatty acids
was not affected,; :
Dﬁ;?::aed Salmo salar 0’1%0/1 0 Increase of FI** and daily growth; (Belggl:ge)t al.
° FCR and SCR were not affected;
The values of EPA and DHA decreased.
(o)

_ 0,10, 14, Growth performar]ce. was not gffectgd at 50% of (Abdel-Tawwab
Hermetia Larva 20% FM substitution (20% inclusion); et al., 2020)
illucens ° The whole-body composition was not affected. ”

Dicentrarchus No differences among groups in growth
I ce
abrax 0.7 13, performgnce qr feed utl!lzatlon, (Magalhaes et
Pre-pupae 20% Plasma metabolic profiles remained unaffected; al., 2017)
° The ADC of arginine, histidine, and valine were ’
higher in insect diets.
Dried pre- 0, 10, 20, Slmllgr values. of ECR, PER,. gnd protein retention (Karapanagiotidis
UDae Sparus aurata 30% for fish fed with diets containing 10%, 20%, and et al., 2014)
Pup ° 30% of FM substitutions. g
Growth performance and ingredient utilization not
. 1.
Dried Oreochromis | 0, 11, 22, affected in a r(?plz?c':emeht up 10 270 g kg (Wang et al.,
maggot niloticus 33, 43% No significant influence 2017)
’ on fillet proximate composition (DM, CP, CL, ash,
Musca
domestica and gross energy).
FCR was not affected at 15% of substitutions;
Dried pupae Oncorhy'nchus 0, 9% Fatty acid profiles suggesteq th.a.t fly larvae (St-Hilaire et al.,
mykiss grown on manure do not have significant amounts 2007)
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Tenebrio
molitor

Final body weight increased with the increasing
levels of insects’ inclusion;

Oncorhynchus | 0,5, 8, Improvement of growth rate, FCR, PR***; (Rema et al.,
Defatted myKkiss 15, 25% The whole-body composition was not affected,; 2019)
larva Protein, phosphorus, and energy retention
significantly increased.
0. 20% Defatted TM showed the highest ADC for (Basto et al.,
’ essential amino acids, energy, and phosphorous. 2020)
Dicentrarchus In whole-body composition, CP, and ether extract
labrax 0, 25, were not significantly influenced by the use of TM; (Gasco et al.,
50% ADC of the fish fed TM was higher than CTRL 2016)
(92.31 vs 89.97, respectively).
Substitution at 50% showed a higher final weight,
0, 25, SGR, Y\{eight gain, PER, and a lower FCR;. (Piccolo et al.,
Sparus aurata No significant differences have been found in
50% : . 2017)
Full-fat morphometric and commodity-related
larva characteristics.
Daily intake ratio, FCR, and SGR were not
affected by different diets, like slaughter traits and
carcass yield; -
blzzgre:\iljo %3102 ’ Different diets did not affect the colour of the skin (Iacoznc;???t al.,

dorsal region; In colour of the fillet epaxial region,
yellowness, and chroma were higher when TM
was added to the diets.

*ADC, apparent digestibility coefficient; **Fl, feed intake; ***PR, protein retention;
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1. 7. Yellow mealworm (Tenebrio molitor)

Tenebrio molitor (TM) (Figure 5), commonly known as yellow mealworm, is a worldwide
distributed Coleoptera and is an up-and-coming aspirant as a new protein source for FM
substitution in fish feeds and also a novel source for human consumption in Europe (Arru et
al., 2019; Llagostera et al., 2019; laconisi et al., 2017a; Paul et al., 2017).

Figure 6. The adult stage of Tenebrio molitor. Photo credits and copyright: https://www.lifeonwhite.com/

TM is already produced industrially and commercially to feed pets and zoo animals, mainly
reptiles, small mammals, amphibians, and birds, but also as fishing baits and for human
consumption (Belforti et al., 2015; Grau et al., 2017). They are easy to breed and feed both in
larval and pupal stages and are rich in protein and lipid, thus being easy to mass-produce and
therefore suitable for aquaculture; China is already doing that in the past years (Arru et al.,
2019; Belforti et al., 2015; Llagostera et al., 2019; laconisi et al., 2017a). The main advantage
of the larvae stage is that they’re raised on low-nutritive plant waste products as dried fruit,
vegetable, and cereal residues in various combinations, so its production is not exactly
expensive (Henry et al., 2018; Tinder et al., 2017). Also, chitin content in the larval stage is
considerably lower when compared with adults. Costa et al. (2020) and Janssen et al., (2017)
measured the chitin content of Tenebrio molitor larvae and obtained 5.3% and a range of 3.8-
6.8% DM of chitin, respectively. Finke (2007) registered 7.3% DM of chitin content in adult

mealworm.

At the nutritional level, TM is a rich source of protein that may vary between 47 to 60% and
up to 70% when defatted, suitable for aquaculture diets (Llagostera et al., 2019; Henry et al.
2018; Ng, 2001). Concerning amino acids, they are rich in isoleucine, leucine, and lysine (Arru

et al.,, 2019). TM is also rich in energy, phosphorus, and many other trace nutrients as zinc,
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selenium, riboflavin, biotin, pantothenic acid, and folic acid (Arru et al., 2019; Klasingph, Lopez
et al., 2000). Their lipid content varies between 31 to 43%, and they don’t have 20:3 n-6 and
20:4 n-6 fatty acids, which can lead to some nutritional deficiencies (Al-Qazzaz and Ismail,
2016; Llagostera et al., 2019; Henry et al., 2018). The highest values of fatty acids are related
to oleic acid (37.7% fatty acid), linoleic (27.4% fatty acid), and palmitic acid (21.1% fatty acid)
(Makkar et al., 2014).

1. 8. Aim species: European seabass (Dicentrarchus labrax)

European seabass (Dicentrarchus labrax, Linnaeus, 1758) is a euryhaline marine teleost
species, a member of the Moronidae family and is widely distributed in the Mediterranean and
Atlantic coast from the English Channel to Senegal (Abbate et al., 2012; Eroldogan et al., 2004).
Living near the coasts and estuaries that are rich in microorganisms, seabass has been farmed
through aquaculture for a long time now (Tacon et al., 2011). The preference for this fish is due
to its organoleptic properties like taste and aroma, acceptable price, nutritional value, and
overall quality (Ayala et al., 2005; Fuentes et al., 2010). Moreover, seabass is an excellent
source of protein and lipids for human consumption (Delgado et al., 1994). The commercial
size of farmed fish is < 400 g for portion-size and can reach this size in 12 to 18 months
depending on diets or between 800 g and 1 kg for larger fish (EUMOFA, 2018).

1. 8. 1. Nutritional requirements

European seabass, as a carnivorous fish species, requires very high protein values, around
50% of the diet to maximize growth in juveniles (Hidalgo and Alliot, 1988; Peres and Oliva-
Teles, 1999). For seabass juveniles, protein requirements could be between 43 to 48% of the
diet when given the adequate dietary digestible energy (DE) levels (Peres and Oliva-Teles,
1999). To overcome the need for large quantities of protein, a balanced ratio of digestible
protein (DP)/DE is important. For seabass, this ratio should be 19 mg/kJ in diets with at least
21 MJ/kg DE, with the major portion of non-protein energy being supplied by lipid
supplementation that will cause a protein-sparing effect, increasing the DE and reducing

nitrogen losses (Dias et al., 1998; Lupatsch et al., 2001; Peres and Oliva-Teles, 1999).

An adequate level of protein in the diet is necessary mainly to ensure the amount of essential
amino acids (EAA) needed for fish growth (Mansano et al., 2020). For European seabass, as

for other finfish, the essential amino acids are arginine, histidine, isoleucine, leucine, lysine,
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methionine, phenylalanine, threonine, tryptophan, and valine (Wilson, 1986). Their
requirements for European seabass are presented in Table 5. More than EAA needs, the right
balance between non-essential amino acids (NEAA) and EAA is needed to ensure high growth
performance and effective protein and energy utilization. In seabass juveniles, the optimal
ratios of EAA:NEAA are 50:50 and 60:40 (Peres and Oliva-Teles, 2007).

Table 4. Available values of dose-response indispensable amino acids requirement estimates (g/16gN) European
seabass. Retrieved from: (Tibaldi, and Kaushik, 2005).

Amico acid (9/16 g N)
Arginine 3.9-4.6
Lysine 4.8
Methionine + Cysteine 4.0
Threonine 2.6
Tryptophan 0.5-0.7

Commercial feeds for seabass are highly energetic, and optimal levels of lipids can improve
high-quality fats, growth, feed conversion, and protein utilization (lzquierdo et al., 2003). To
maximize these effects, levels between 18-20% of fatty acids are recommended (Campos et
al., 2019). To measure lipid retention in European seabass it's important to keep in mind that
the liver is the primary site of lipid storage, contrary to salmonids, which store their lipids in the
perivisceral adipose tissue first (Dias et al., 2005). As European seabass is a carnivorous
marine fish, it has a limited ability to elongate and de-saturate C18 fatty acids to EPA and DHA,
and these fatty acids must be supplemented in the diet (NRC, 2011). As regards essential fatty
acids for juvenile European seabass, levels of 1% of n-3 PUFA are estimated, meaning 10 g
kg™ diet, and 2-3 g kg™ of total lipids (Coutteau et al., 1996; Kousoulaki et al., 2015).

Regarding carbohydrates, European seabass has a limited capacity to tolerate high
percentages (> 30% dietary starch) since this commodity seems to reduce growth and feed

utilization (Enes et al., 2011).
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1. 9. Aim of this study

This study hypothesizes that if an insect meal is included in a well-balanced diet, FM can be
replaced in diets for European seabass without affecting flesh nutritional and sensory quality,
and consumers acceptance. Thus, this study aimed to assess the effects of increasingly
replacing FM (0%, 50% and 100%) by defatted Tenebrio mealworm larvae meal on the
European seabass whole body gain and retention of fatty acids, flesh fatty acids profile, flesh

instrumental colour and texture and flesh sensory profile and global acceptance by consumers.
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2. Material and Methods

2. 1. Ingredients and experimental diets

Based on the known nutritional requirements of European seabass (NRC, and National
Research Council, 2011), three experimental diets were formulated to be isoproteic (47% DM),
isolipidic (20% DM), and isoenergetic (24 kJ/g DM). A FM based diet was used as a control
diet (CTRL) and compared with two other experimental diets with 50% (TM50) and 100%
(TM100) of FM replacement by defatted Tenebrio molitor larvae meal (TM). For these
replacement levels, the inclusion levels of TM tested in diets were 0% in CTRL, 20% in TM50
and 40% in TM100. All experimental diets were extruded by SPAROS, Lda. (Portugal). The
formulation and proximate composition of diets are available in Table 6 and the fatty acid profile

of the ingredient and diets are available in Table 7.

2. 2. Fish, rearing conditions, and operative protocol

The present study was performed by accredited scientists in laboratory animal science by the
Portuguese Veterinary Authority DGAV-Portugal and conducted according to the Directive
2010/63/EU of the European Parliament and the Council on the protection of animals for

scientific purposes.

The growth trial was conducted at the experimental facilities of CIIMAR, Matosinhos, Porto,
Portugal, and the European seabass juveniles were supplied by a commercial fish farm
Acuinuga — Acuicultura y Nutricion de Galicia, S.L. (Corufia, Spain). To adapt to the
experimental conditions, fish were kept in quarantine for 2 weeks and fed a commercial diet
(AQUASOJA, Sorgal S.A., Portugal — 50% crude protein, 20% crude fat DM basis). After
acclimatization, 12 homogeneous groups of 15 fish (mean body weight 68.64 + 5.24 g) were
randomly distributed by 160 L fiberglass tanks in a saltwater closed recirculation system. Fish
were adapted to the new conditions for 4 weeks. The system was daily maintained and
controlled for total ammonium, nitrite, nitrate, and pH levels to ensure levels within the
recommended ranges for marine species, and dissolved oxygen levels were kept above 90%
* 1 saturation. Also, water temperature (22 + 1 °C), salinity (35 + 0.5 %o), and a photoperiod of

12h light/12 h dark and water flow rate of 6 L min"' were maintained. Fish were fed using
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temporized automatic feeders (initially the amount of diet provided was 1.5% of total body
weight/day). The amount of feed was adjusted by 5% based on the presence or absence of
uneaten food at the bottom of the tanks over two days. Each diet was distributed to

quadruplicate groups of fish for 120 days.

Table 5. Ingredients and proximate composition of the experimental diets.

TMd CTRL TM50 TM100
Ingredients (%)
Fish meal Super Prime 2 40.0 20.0 -
Tenebrio meal ® - 20.5 40.4
Soy protein concentrate ¢ 10.5 10.5 10.5
Soybean meal ¢ 13.0 13.0 13.0
Rapeseed meal 48 © 5.0 5.0 5.0
Wheat meal f 16.2 15.2 14.3
Fish oil ¢ 14.0 13.3 12.5
Vitamins and minerals premix " 1.0 1.0 1.0
Vitamin C 0.1 0.1 0.1
Vitamin E 0.1 0.1 0.1
Monocalcium phosphate - 1.2 2.5
L-Lysine - - 0.2
L-Threonine - - 0.2
L-Tryptophan - - 0.1
DL-Methionine 0.1 0.2 0.3
Chemical composition (%DM)
Dry matter 97.8 93.1 92.6 92.5
Crude protein 71.0 46.9 47.3 47.2
Crude fat 12.5 19.7 19.8 19.0
Gross energy (kJ g' DM) 24.3 23.2 23.5 24.0
Phosphorus 0.8 1.2 1.2 1.0
Ash 4.8 10.2 8.1 6.3

The abbreviations for the experimental diets stand for: CTRL — control diet; TM50 and TM100 — diets with 50 and
100% fish meal replacement by Tenebrio molitor larvae meal; TMd — defatted Tenebrio molitor larvae meal;

@ Peruvian fish meal super-prime: 71.0% crude protein (CP), 11.0% crude fat (CF), Exalmar, Peru.
b Defatted Tenebrio molitor larvae meal: 71% CP, 13% CF.

¢ Soy protein concentrate: 65% CP, 0.7% CF, ADM Animal Nutrition, The Netherlands.

4 Soybean meal 48: Dehulled solvent-extracted soybean meal: 47.7% CP, 2.2% CF, Cargill, Spain.
¢ Rapeseed meal: 36% CP, 2.7% CF, PREMIX Lda., Portugal;

fWheat meal: 10.2% CP, 1.2% CF, Casa Lanchinha, Portugal;

9 Sardine oil, Sopropéche, France.

hVitamin and mineral premix: InVivo,
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Table 6. Fatty acid profile of the experimental diets.

Experimental diets

TMd CTRL TM50 TM100
Fatty acids (g 100 g total fatty acids)
SFA
C14.0 2.15 5.51 5.49 5.59
C16:0 16.18 14.80 15.83 17.55
C18:.0 4.48 3.44 3.69 411
MUFA
C18:1n9c 34.20 16.06 16.60 16.76
C18:1n7 0.39 3.14 2.75 2.30
C20:1n9 0.13 4.39 3.87 3.22
C22:1n9 0.06 0.20 0.13 0.10
PUFA
C18:2n6¢c 38.29 6.40 10.37 14.19
C18:3n3 1.32 212 1.71 1.31
C18:4n3 0.03 2.81 2.68 2.47
C20:5n3 8.90 7.87 6.94
C22:5n3 1.54 1.31 1.05
C22:6n3 10.43 8.90 7.34
EPA + DHA 0.00 19.33 16.77 14.28
> SFA?2 23.88 26.83 27.96 30.17
> MUFA?3 36.36 30.32 29.42 27.94
> PUFA“ 39.76 42.84 42.62 41.89
>n-3° 1.35 26.67 23.26 19.81
>n-66 38.32 15.76 19.05 21.87
>n-3/Zn67 0.04 1.69 1.22 0.91
2 n-6/Zn-38 28.36 0.59 0.82 1.10

" EPA + DHA = eicosapentaenoic acid (20:5n-3) + docosahexaenoic acid (22:6n-3);

2y SFA, sum of saturated fatty acids, includes 12:0, 13:0, 14:0 15:0, 16:0 17:0, 18:0, 20:0, 21:0;

3y MUFA, sum of monounsaturated fatty acids, includes 16:1n-9, 14:1n-5, 17:1n-7, 18:1n-9, 18:1n7, 22:1n-11;

45> PUFA, sum of polyunsaturated fatty acids, includes 16:2n-4, 16:3n-4, 16:4n-1, 18:2n-6, 18:2n-4, 18:3n-3,
18:3n-6, 18:4n-1, 18:4n-3, 20:3n-6, 20:3n-3, 20:4n-3, 20:4n-6, 20:5n-3, 21:5n-3, 22:5n-3, 22:5n-6, 22:6n-3;

5% PUFAR-6, sum of n-6 PUFA, includes 18:2n-6, 18:3n-6, 20:3n-6, 20:4n-6, 22:5n-6;
65 PUFAN-3, sum of n-3 PUFA, includes 18:3n-3, 18:4n-3, 20:3n-3, 20:4n-3, 20:5n-3, 21:5n-3, 22:5n-3, 22:6n-3;

7% n-3/% n-6, ratio between the sum of n-3 PUFA and n-6 PUFA;
8 % n-6/% n-3, ratio between the sum of n-6 PUFA and n-3 PUFA;
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2. 3. Sampling procedures

Before initial sampling, fish fasted for 24 hours and 10 fish were sampled and pooled from the
initial stock and stored at -20 °C for subsequent whole-body composition analysis. Also, 30g of
each experimental diet was frozen and stored at -80 °C to analyse chemical composition. At
the end of 16 weeks of growth ftrial, fish were fasted for 48 hours and were sacrificed by
anaesthetic overdose (2-Phenoxyethanol, 700 ul L"), individually weighed (g), and measured
(total length, cm). Four fish/tank (16 fish/treatment) were collected to evaluate proximal
composition, placed in a plastic bag, and stored at -20°C until analysis. Three fish/ tank were
collected to evaluate 1) the viscerosomatic and hepatosomatic indexes were liver and viscera
were weight (g); 2) the instrumental colour of skin; and 3) the instrumental colour, texture and
nutritional quality of muscle. A representative sample of muscle (1 x 1 cm) was collected without
skin from the right dorsal fillet and placed in ice for further instrumental colour and texture
analyses. Two representative samples of the left fillet without skin were sampled, immediately
frozen in liquid nitrogen, and stored at -80 °C until dry matter, total lipid content, and fatty acid
profile analysis. Five fish/tank were euthanized in ice baths for consumer’s global acceptance

evaluation.

2. 4. Chemical analyses

Proximate composition

Proximate composition analyses were performed according to AOAC (2000) methods. All
samples were analysed for dry matter, in an oven at 105 °C for 24h; ash by combustion in a
muffle furnace, incinerated at 500 °C for 5 h (Nabertherm L9/11/B170, Bremen, Germany);
crude protein (N x 6.25) using a Leco nitrogen analyser (Model FP 528; Leco Corporation, St.
Joseph, USA); crude fat by petroleum ether extraction using a Soxtec extractor (Model ST 2055
Soxtec™; FOSS, Hillerod, Denmark); phosphorus content by digestion at 230 °C in a
Kjeldatherm block digestion unit followed by digestion at 75 °C in a water bath and absorbance
determination at 820 nm (adapted from AFNOR V 04-406) and gross energy was determined
in an adiabatic bomb calorimeter (Model Werke C2000, IKA, Staufen, Germany.
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Total lipid extraction and fatty acid profile

Total lipids of carcass and muscle were extracted and quantified gravimetrically with the
method described by Folch (1957) but using an adapted version with

dichloromethane:methanol (2:1) instead of chloroform:methanol (2:1).

The fatty acids in the lipid extracts were transesterified by acid methylation to fatty acid methyl
esters (FAME) (Campos et al., 2017). The FAME in the experimental diets were obtained using
the same procedure but by direct transesterification. Tricosanoic acid (23:0) was added as an
internal standard in the samples for later calculation of fatty acid concentration; FAME were

recovered in 1 ml of n-Hexane.

The FAME separation was performed in a gas chromatography system with a gas
chromatograph, where the drag gas used was helium, (Shimadzu GC-2010 Plus, Tokyo,
Japan) coupled with an AOC-20i auto-injector (Shimadzu, Tokyo, Japan) and a flame ionisation
detector (Shimadzu, Tokyo, Japan). A CP-Sil 88 silica capillary column (50.0 m x 0.25 mm
internal diameter and 0.20 um film thickness) (Middelburg, Netherlands) was used. The
temperature programme used was as follows: 120 °C for 5 min; increase from 2 °C/min to 160
°C for 15 min; and increase from 2 °C/min to 220 °C for 10 min. The injector and detector
temperatures were 250 and 270 °C respectively. A division ratio of 1:50 was used and the
injection volume was 1.0 yL (105). FAME was identified by comparison with a standard mixture
(FAME 37, Supelco, Bellefonte, PA, USA). Each FAME was expressed as a relative percentage
of the total FAME area represented on the chromatogram: A(%) = (area A x100) / (sum of all
peak areas), according to Reis et al. (2014) . The amount of fatty acids was calculated using
the internal standard (C:23) as reference: Fatty acid (AG) composition in muscle (mg/g fresh
weight) = [(area AG x TRFAG x mass C23) / area C23 x sample mass x TRFC23)] x 100,
according to Joseph and Ackman (1992).
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2. 5. Colour and texture analysis

Instrumental colour analysis

Skin and muscle colour measurements were performed with a
CR-400 colourimeter (Figure 7) (Konica Minolta) with an aperture
of 8 mm, at standard illuminate D65 using the CIE L*, a*and b*.
This compares the reflectance of light from an object (fish fillet
and skin) and for that, the apparatus was calibrated with a white

plate reference standard (Minolta Co., Ltd., Osaka, Japan).

Figure 7. Skin colour analysis with CR-400 colourimeter.

The fillet replicates measurements were taken for each sample and averaged to determine
the colour parameters, which were measured by applying the colourimeter onto the skin and
muscle. After flashing, L*, a* and b* reflected light values were recorded. L* represents
lightness (negative for blackness and positive for whiteness), a* or redness, indicates
red/green chromaticity (negative for greenness and positive for redness), and b*, or yellowness,
indicates yellow/blue chromaticity (negative for blueness and positive for yellowness). From a*
and b*values were calculated the hue angle and the chroma according to Valente et al., (2015).
Hue is the relationship between redness and yellowness and is an angular measurement of
colour where 0° and 90° denote red and yellow hues, respectively, which is expressed as H° =
tan” b*/ a* Chroma is expressed as C° = (a*? + b*?)"2 and gives information about the clarity

and intensity of the colour. All these parameters are represented in Figure 8.

Figure 8. CIE L* a* b* colour space diagram. Retrieved from: https://www.xrite.com/
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Texture profile analysis

The fillet was collected following the longitudinal orientation of the muscular fibres and texture
was analysed using a Texture Analyzer Model Instron 4301 (Instron Engineering, Canton, MA,
USA), equipped with a load cell of 0.005 N and a 2.0 mm diameter probe (Figure 9). Texture
profile analysis was obtained by double compression (constant speed and penetration depth
of 1 mm s and 4.0 mm, respectively) on the maximum thickness part of each raw fillet. The
parameters determined were hardness, cohesiveness, springiness, gumminess, resilience,
and chewiness. Hardness corresponds to the maximum force required to compress the fillet.
Adhesiveness corresponds to the energy needed to overcome the attractive forces of the fillet.
Cohesiveness is the extent to which the fillet could be deformed before rupture [(A3 + A4)/(A1
+ A2), where A1 + A2 was the total energy required for the 15t compression and A3 + A4 was
the total energy required for the 2" compression]. Springiness is the ability of fillet to recover
its original form after the deforming force is removed (L2/L1, where L1 was the lengthening of
the 1st compression and L2 was the lengthening of the 2nd compression). Resilience shows
how well a product fights to regain its original position (A2/A1, where A1 was the total energy
required for compression of the 1st compression and A2 was the total energy required for
decompression of the 1st compression). Finally, chewiness is the work needed to chew a solid

sample to a steady state of swallowing.

Figure 9. Texture instrumental analysis with Texture Analyzer Model Instron.
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2. 6. Sensory Analysis

The sensory study was performed by Sense Test (Sociedade de Estudos de Analise
Sensorial a Produtos Alimentares, Lda.) aiming to assess the sensory perception of different
seabass fed with the experimental diets. The study was divided into two steps: firstly, the global
acceptance of seabass samples was evaluated by the consumer and secondly, the panellists’
added free comments, concerning the relationship between the samples and the negative and
positive aspects. Before sensory analysis, all fish were cleaned with the removal of viscera and
scales. After that, fish were cut into three slices, anterior (close to the head), central and
posterior (close to the caudal fin) (Figure 10). Seabass samples were then wrapped in
microperforated aluminium foil and steamed for 12 minutes at 100 °C in an industrial convector
oven (Rational) preheated to 100 °C. To each consumer the 3 samples were presented,
monadically and sequentially, always evaluating posts of the same position. The presentation
order was balanced among consumers. The global acceptance was evaluated on 9 points
hedonic scale. After that, each consumer made a free comment to each sample, considering
the main negative and positive points. The comments were related to appearance, odour,
texture and taste (appears in the results, Table 14). Due to the sample number limitation (29
fish per treatment), each reference was evaluated by 57 participants. The average age was 46
years old, with a minimum age of 27 years and a maximum of 64 years. 63% of the participants

were women.

Figure 10. Fish samples for panellist's acceptance evaluation.
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2. 7. Statistical Analysis

Data were initially tested for normally and homogeneity of variances by Levene’s tests and
transformed whenever required before being submitted to a one-way ANOVA. When this test
showed significances, individual means were compared using HSD Tukey’s multiple range test.
A non-parametric test (Kruskal-Wallis H-test) was applied when these assumptions were not
achieved after transformation. Significant differences were considered for a p-value < 0.05. The
software used for statistical analysis was SPSS (IBM-SPSS Statistics v.25.0, SPSS Inc.,
Chicago, IL, USA) and the one used for graphic representation was GraphPad (GraphPad
Software Inc).
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2. 8. Calculations

ABW (Average Body Weight) (g) = (initial weight + final weight) / 2 (g)

SGR (Specific growth rate) = (LN final weight - LN initial weight) / number of days experience
*100 (g/100 g/day)

VFI (Voluntary Feed Intake) = 100 x Feed consumption (g/fish) / g ABW / number of
experience days (g/100 g/day)

FCR (Feed Conversion Ratio) = Feed consumption (g DM / fish) / (final weight (g) - initial
weight (g))

K factor (Condition index) = 100 x final weight / final length™
HSI (Hepatosomatic index) = 100 x (liver weight / final fish weight) (%)
VSI (Viscerosomatic index) = 100 x (viscera weight / final fish weight) (%)

PER (Protein Efficiency Ratio) = weight gain (g) / Fish Ingested Protein (g) = (final weight -
starting weight) (g) / Fish Ingested Protein (g)

Nutrient gain, energy and fatty acids (Nutrient gain, g / kg ABW / day) = (final weight (g)
X% nutrient in the final composition in WW x%) - (initial weight (g) x% nutrient in the initial
composition in WW x%) / ABW (kg) / number of days of experience = G nutrients (g) / ABW

(kg) / days of experience

Retention of nutrients, energy, and fatty acids (% of intake) = 100 x [(final weight x final
nutrient content of carcass - initial weight x initial nutrient content of carcass) / (intake x
nutritional content of diet (% DM)];
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3. Results

3. 1. Growth performance

Overall, all the experimental diets were well accepted by fish that almost quadruplicated their
initial body weight. No mortality occurred during the entire trial. The growth performance results
of the fish fed by the different experimental diets are presented in Table 7. Fish reached a final
body weight of 267g and no significant differences were observed among dietary treatments.
Regarding the voluntary feed intake (VFI), results indicated that fish fed CTRL had the highest
values, 17.29 + 0.23, and TM50 the lowest ones, 15.79 + 0.72. FCR and PER varied
significantly between diets (Figure 10). FCR had the lowest values in TM50 (1.00 £ 0.03 ) whilst
PER had the highest values in fish fed with TM50 (0.14 + 0.005).

Concerning the whole-body composition, CF was the only parameter that presented
significant differences amongst diets, increasing their values with the highest inclusion

percentage of insects (TM100).

3. 2 Total lipids and fatty acids profile

The whole-body lipid content and fatty acid profile of European seabass fed the experimental
diets is presented in Table 8. Total lipids did not vary significantly among fish fed the different
experimental diets (12-13%). Significant differences between diets were only observed in the
sum of MUFA (p=0.035) and PUFA (p=0.015): fish fed TM100 had higher MUFA values than
CTRL; in contrast, fish fed TM100 had lower PUFA values than CTRL (Figure 12).

Regarding fish muscle total lipids and fatty acid profile, values are presented in Table 9, with
some significant differences in the majority of the fatty acids. Muscle lipid content remained
unaffected by the inclusion of TM, in spite of a trend for increasing lipid deposition. Concerning
SFA percentage, TM100 had the highest values, differing both from the CTRL and from the
TM50. The MUFA and PUFA did not vary significantly among dietary treatments, although
TM100 had the lowest values. However, it is important to highlight several differences present
in the principal PUFA: fish fed TM100 had significantly lower values of EPA, 6.81 + 0.22 g/100
g fatty acids, followed by TM50, 7.43 + 0.14 g/100 g, and CTRL, which had the highest values,

8.23 + 0.13 g/100 g (p=<0.001).
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Table 7. Final growth performance and somatic indexes of European seabass.

Experimental diets

CTRL TM50 TM100 p-value

Growth performance

Initial body weight (g) 6863 + 5.16 6865 + 5.19 6864 + 505 0.909
Final body weight (g) 266.99 + 34.16 267.54 + 34.10 267.88 + 3367 0.937
Initial body length (cm) 1888 + 0.56 1887 + 06 1881 * 055 0.309
Final body length (cm) 2792 £ 1.15 27.90 + 1.13 27.90 + 117 0.912
Condition factor (final K) 1.22 £+ 0.10 1.23 + 0.09 125 + 0.08 0.098
Specific growth rate (SGR) (g/100 g/day) 121 = 0.11 121 = 013 122 + 014 0.940
Voluntary feed intake (VFI) (g/100 g/day) 1729 + 0.23a 1579 + 0.72° 17.01 £ 0.944ab 0.031
Feed conversion ratio (FCR) 110 + 0.032 1.00 + 0.03°b 1.07 + 0.052 0.012
Protein efficiency ratio (PER) 0.13 + 0.004° 014 + 0.0052 013 * 0.01° 0.014
Viscerosomatic index (VSI) (%) 6.59 + 1.17 6.71 + 1.19 595 + 0.92 0.467
Hepatosomatic index (HIS) (%) 203 + 043 217 + 043 208 + 044 0.647
Whole-body

composition (% WW)

Moisture 6291 + 0.58 6219 + 0.21 6215 <+ 0.75 0.083
Crude Protein 1821 + 0.14 18.06 + 0.39 1794 + 0.23 0.431
Crude Fat 1577 + 0.78°% 16.79 + 0.362 17.01 + 0.57°2 0.036
Gross Energy (kJ g-' DM) 1001 * 0.36 1014 % 0.11 1023 + 0.19 0.456
Phosphorus 059 = 0.02 0.60 + 0.02 062 <+ 0.03 0.237

Values are presented as mean * standard deviation (n=4). Values in the same row without a common superscript letter differ significantly (p < 0.05).
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Figure 11. Differences in the feed conversion ratio (FCR) and protein efficiency ratio (PER) of European seabass fed
with the experimental diets. Bars with a common superscript letter differ significantly (p < 0.05). Letters “a” refers to
values statistically different and higher than values referred as “b”. Letters “a” are against “b” but only within each group,
FCR or PER.

Regarding DHA, the inclusion of TM resulted in a significant reduction of this fatty acid in the
muscle. However, when a fillet portion of 100 g is considered, the absolute values of EPA + DHA
remained above the recommended levels for human consumption (0.26 and 0.30 / 100 g of wet
weight in TM100 and TM50, respectively) in all fish, and did not vary significantly among
treatments (p=0.249).

Retention values are presented in Table 10 and differences are more evident in the sums of fatty
acids, mainly between CTRL and TM50. The inclusion of TM resulted in a significant increase of
SFA retention in TM50 compared to CTRL, 57.31 £ 7.46 vs 42.16 + 3.74, respectively (p=0.015).
MUFA had the highest retention values in fish fed TM, irrespectively of the inclusion level
(p=0.005); the main fatty acid responsible for such result was the C18:1n9c that was highly
retained particularly in fish fed TM50. PUFA retention was also promoted by the dietary inclusion
of TM, with the retention of C18:4n3 being significantly higher in fish fed TM50 than in those fed
the CTRL (p=0.032).

In Table 11 is presented the nutrient gain of some analysed fatty acids and the major significant
differences are in the sum of all SFA (p=0.029) and MUFA (p=0.025), with TM100 showing the
highest fatty acids gain. The inclusion of TM significantly increased the gain of C16:00 and C18:0
in TM100. Likewise, the gain of oleic (221.59 + 31.62 mg/kg ABW /day) and linoleic acids (102.30
+ 26.43 mg/kg ABW /day) was significantly higher in fish fed TM100 when compared to CTRL
(108.82 £ 84.65 and 57.13 £ 15.69 mg/kg ABW /day, respectively) (Figure 13). The gain of total
PUFA remained unaffected by the dietary treatments, in spite of a trend for an increased gain of
EPA and DHA.
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Table 8. Fish whole-body lipid content (% wet weight, WW) and fatty acid composition (g 100 g™’ total fatty acids) of the European seabass.

Experimental diets p-value
INITIAL CTRL TM50 TM100

Total lipids (% WW) 7.68 1228 + 4.39 1285 + 2.25 1312 + 167 0.94
Fatty acids (g 100 g’ total fatty acids)

C14:0 376 * 001 450 * 054 412 * 0.08 405 * 005 0.136
C16:0 1988 * 010 20.04 * 217 1955 * 0.16 1982 * 052 0.874
C18:0 417 * 005 356 * 032 338 * 003 348 % 012 0.486
T SFA 2078 * 008 3027 * 329 2896 * 0.19 2924 % 052 0.614
C18:1n9¢c 2535 * 000 1779 * 1003 2405 * 061 2475 * 096 0.221
C18:1n7 303 * 001 325 * 058 288 * 007 273 * 033 0.201
C20:1n9 217 * 003 360 * 066 313 % 005 289 * 042 0.726
s MUFA 2 3842 * 018 3212 * 787° 3714 * 0352 3705 * 031° 0.035
C18:2n6c 1158 * 002 951 * 260 1034 * 024 1157 % 261 0.423
C18:3n3 143 * 007 177 % 0.38 150 * 0.03 138 * 026 0.166
C18:4n3 031 * 009 215 * 033 193 * 002 183 * 014 0.134
C20:5n3 661 * 003 718 * 1.30 6.06 * 0.14 572 * 066 0.081
C22:5n3 119 * 004 143 * 031 118 = 0.02 110 * 0.8 0.109
C22:6n3 755 * 003 924 T 210 765 T 0.21 711 £ 120 0.136
¥ PUFA3 3179 * 010 3761 * 4632 3390 * 047 3371 * Q48® 0.015
s n-34 1737 % 013 2233 * 450 1872 % 032 1757 * 248 0.114
Tn65 1384 * 003 1469 * 225 1466 * 019 1563 * 222 0.703
¥ n-3/% n-6 6 126 + 001 155 + 0.38 128 + 0.01 116 + 0.37 0.239
S n-6/5n-37 080 + 012 068 = 0.22 078 + 0.01 091 2+ 022 0.254
Fatty acids (g/100 g WW)

C20:5n3 025 * 002 038 * 007 052 * 0.19 041 * 008 0.713
C22:6n3 028 * 002 049 * 0.11 064 * 022 050 * 0.12 0.834
EPA + DHA 8 053 * 004 087 * 0.18 116 * 0.20 090 * 0.0 0.793

1S SFA, sum of saturated fatty acids, includes 12:0, 13:0, 14:0 15:0, 16:0 17:0, 18:0, 20:0, 21:0; 2 ¥ MUFA, sum of monounsaturated fatty acids, includes 16:1n-
9, 14:1n-5, 17:1n-7, 18:1n-9, 18:1n7, 22:1n-11; 3 ¥ PUFA, sum of polyunsaturated fatty acids, includes 16:2n-4, 16:3n-4, 16:4n-1, 18:2n-6, 18:2n-4, 18:3n-3,
18:3n-6, 18:4n-1, 18:4n-3, 20:3n-6, 20:3n-3, 20:4n-3, 20:4n-6, 20:5n-3, 21:5n-3, 22:5n-3, 22:5n-6, 22:6n-3; * 5 n-3, sum of n-3 PUFA, includes 18:3n-3, 18:4n-3,
20:3n-3, 20:4n-3, 20:5n-3, 21:5n-3, 22:5n-3, 22:6n-3; 5 n-6, sum of n-6 PUFA, includes 18:2n-6, 18:3n-6, 20:3n-6, 20:4n-6, 22:5n-6; ¢ ¥ n-3/Z n-6, ratio between
the sum of n-3 PUFA and n-6 PUFA;” X n-6/Z n-3, ratio between the sum of n-6 PUFA and n-3 PUFA; 8 EPA + DHA = eicosapentaenoic acid (20:5n-3) +
docosahexaenoic acid (22:6n-3); Values are presented as mean + standard error of the mean (n = 4);Values in the same row with a common superscript letter
differ significantly (p < 0.05).
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Table 9. Muscle total lipid content (% wet weight, WW) and fatty acid composition (g 100 g~* total fatty acids) of the European seabass fed the experimental
diets.

CTRL TM50 TM100 p-value
Total lipids (% WW) 2.49 t 0.26 2.68 + 0.36 2.58 * 0.38 0.870
Fatty acids (g 100 g-1 total fatty acids)
C14:0 345 = 0.10 332 * 0.05 338 + 0.07 0.096
C16:0 1867 + 0.10° 1911 = 0.27° 19.79 + 0.25°2 < 0.001
C18:0 392 + 0.08° 411 + 0.06° 422 + 0.082 0.001
Z SFA! 2811 + 0.08° 2866 + 0.13° 2994 + 0.24=a < 0.001
C18:1n9c 19.77 + 0.34° 2118 + 0532 2158 + 0.862 0.010
C18:1n7 292 + 0.03° 261 £ 0.04° 232 + 0.03° < 0.001
C20:1n9 305 + 0.102 274 £ 0.04° 235 + 0.03° < 0.001
2~ MUFA 2 31.73 + 0.32 3223 + 0.59 3167 + 0.96 0.659
C18:2n6¢c 644 + 021¢ 918 + 0.28° 1185 + 0.092 < 0.001
C18:3n3 155 + 0.04° 133 + 0.03° 1.08 + 0.00° < 0.001
C18:4n3 1.81 + 0.07°2 170 * 0.062 161 % 0.02° 0.003
C20:5n3 823 + 0.132 743 + 0.14° 6.81 + 0.22°¢ < 0.001
C22:5n3 161 + 0.02° 138 + 0.03° 120 + 0.04° 0.001
C22:6n3 1493 + 0.002 1314 + 043° 1177 = 0.97° 0.006
3 PUFA?3 40.15 + 0.35 3911 + 0.50 3899 + 1.19 0.209
*n-3*4 2858 + 0572 2522 + 0.44° 2281 + 1.21¢ < 0.001
Zn-6° 11.05 + 0.28¢ 13.36 = 0.09° 15,71 + 0.152 < 0.001
Zn-3/Zn6°8 259 + 0.11° 189 + 0.02° 145 + 0.08° < 0.001
Zn-6/Zn-37 039 + 0.02¢ 053 + 0.01° 069 + 0.04° < 0.001
Fatty acids (g/100 g WW)
C20:5n3 011 = 0.01 014 + 0.06 0.10 = 0.01 0.212
C22:6n3 0.19 + 0.02 025 + 0.1 0.16 = 0.02 0.049
EPA + DHA 8 030 = 0.03 030 = 0.02 026 + 0.03 0.249

1S SFA, sum of saturated fatty acids, includes 12:0, 13:0, 14:0 15:0, 16:0 17:0, 18:0, 20:0, 21:0; 2 ¥ MUFA, sum of monounsaturated fatty acids, includes 16:1n-
9, 14:1n-5, 17:1n-7, 18:1n-9, 18:1n7, 22:1n-11; 3 5 PUFA, sum of polyunsaturated fatty acids, includes 16:2n-4, 16:3n-4, 16:4n-1, 18:2n-6, 18:2n-4, 18:3n-3,
18:3n-6, 18:4n-1, 18:4n-3, 20:3n-6, 20:3n-3, 20:4n-3, 20:4n-6, 20:5n-3, 21:5n-3, 22:5n-3, 22:5n-6, 22:6n-3; * 5 n-3, sum of n-3 PUFA, includes 18:3n-3, 18:4n-3,
20:3n-3, 20:4n-3, 20:5n-3, 21:5n-3, 22:5n-3, 22:6n-3; ® n-6, sum of n-6 PUFA, includes 18:2n-6, 18:3n-6, 20:3n-6, 20:4n-6, 22:5n-6; ® ¥ n-3/Z n-6, ratio between
the sum of n-3 PUFA and n-6 PUFA;” ¥ n-6/% n-3, ratio between the sum of n-6 PUFA and n-3 PUFA; 8 EPA + DHA = eicosapentaenoic acid (20:5n-3) +
docosahexaenoic acid (22:6n-3); Values are presented as mean + standard error of the mean (n = 4); Values in the same row with a common superscript letter
differ significantly (p < 0.05).
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Table 10. Retention (% Intake) of the European seabass fed the experimental diets.

CTRL TM50 TM100 p-value
C14:0 3152 + 3.33°b 4177 = 3.02@ 3718 + 5952 0.025
C16:0 5046 + 3.95° 68.50 * 5772 5712 + 8.65%2 0.010
C18:0 3715 + 3.14° 4910 = 446° 4152 + 6.862 0.025
2 SFA 4216 + 3.74° 5731 + 4.74°2 4891 + 751 0.015
C18:1n9c 39.28 + 3042° 80.84 + 7452 7440 + 10.732%  0.028
C18:1n7 3932 + 824 5764 =+ 5097 5950 * 15.38 0.047
C20:1n9 3342 =+ 7.05 46.85 = 3.25 4745 = 1218 0.070
> MUFA 38.86 + 1557° 69.86 * 6.25°2 66.86 * 10.56° 0.005
C18:2n6¢ 5212 + 14.66 54.03 * 3.39 40.82 = 10.40 0.216
C18:3n3 3256 =+ 8.70 4917 = 3.30 53.15 £ 16.76 0.060
C18:4n3 3412 + 524° 4532 = 247° 4243 + 6.72% 0.032
C20:5n3 3062 * 6.23 4163 = 271 40.87 = 10.31 0.102
C22:5n3 36.14 + 9.39 4995 =+ 3.05 5247 + 15.48 0.117
C22:6n3 3450 * 9.08 4758 = 222 48.88 = 14.58 0.134
EPA+DHA 3269 * 7.76 4476 = 244 4495 = 1244 0.122
> PUFA 3392 + 4.01° 4466 =+ 273° 4107 + 6.00% 0.022

1y SFA, sum of saturated fatty acids, includes 12:0, 13:0, 14:0 15:0, 16:0 17:0, 18:0, 20:0, 21:0; 2 ¥ MUFA, sum of
monounsaturated fatty acids, includes 16:1n-9, 14:1n-5, 17:1n-7, 18:1n-9, 18:1n7, 22:1n-11; 3 5 PUFA, sum of
polyunsaturated fatty acids, includes 16:2n-4, 16:3n-4, 16:4n-1, 18:2n-6, 18:2n-4, 18:3n-3, 18:3n-6, 18:4n-1, 18:4n-3,
20:3n-6, 20:3n-3, 20:4n-3, 20:4n-6, 20:5n-3, 21:5n-3, 22:5n-3, 22:5n-6, 22:6n-3; * 3 EPA + DHA = eicosapentaenoic
acid (20:5n-3) + docosahexaenoic acid (22:6n-3); Values in the same row with a common superscript letter differ
significantly (p < 0.05).

Table 11. Nutrient gain (mg/kg ABW /day) of the European seabass fed the experimental diets.

CTRL TM50 TM100 p-value
C14:0 3152 = 3.71 39.05 * 4.61 38.88 * 6.36 0.104
C16:0 132.37 + 12.07° 180.20 * 23.46° 183.05 + 28.152 0.018
C18:0 2219 + 217° 2952 + 4.04% 3059 + 517+@ 0.031
> SFA' 200.34 + 20.34° 266.11 + 34.22% 26935 + 4210@ 0.029
C18:1n9c 108.82 + 84.65° 217.35 + 30.062° 22159 = 31622 0.029
C18:1n7 2131 = 468 2567 = 3.83 2439 £ 645 0.492
C20:1n9 2497 * 551 2890 =+ 3.30 2681 + 7.02 0.615
> MUFA? 20365 + 8253° 333.24 + 45142 332.67 + 52942 0.025
C18:2n6c¢ 5713 + 15.69° 90.01 + 9.63% 102.30 * 26.43@ 0.019
C18:3n3 11.79 = 3.26 1341 = 149 1225 = 391 0.749
C18:4n3 16.19 + 2.65 19.27 + 1.92 18.31 = 3.04 0.277
C20:5n3 4528 * 0.67 5097 * 5.63 48.57 * 1247 0.714
C22:5n3 9.14 = 246 10.03 = 1.07 936 = 280 0.845
C22:6n3 58.80 * 16.02 64.77 * 593 60.38 * 18.30 0.835
> PUFAS 24247 + 31.77 208.47 + 31.71 20769 = 4570 0.099
EPA+DHA 4 104.07 + 25.68 115674 + 11.54 108.95 =+ 30.67 0.793

Y SFA, sum of saturated fatty acids, includes 12:0, 13:0, 14:0 15:0, 16:0 17:0, 18:0, 20:0, 21:0; 2 5 MUFA, sum of
monounsaturated fatty acids, includes 16:1n-9, 14:1n-5, 17:1n-7, 18:1n-9, 18:1n7, 22:1n-11; 3 ¥ PUFA, sum of
polyunsaturated fatty acids, includes 16:2n-4, 16:3n-4, 16:4n-1, 18:2n-6, 18:2n-4, 18:3n-3, 18:3n-6, 18:4n-1, 18:4n-3,
20:3n-6, 20:3n-3, 20:4n-3, 20:4n-6, 20:5n-3, 21:5n-3, 22:5n-3, 22:5n-6, 22:6n-3; * 5 EPA + DHA = eicosapentaenoic
acid (20:5n-3) + docosahexaenoic acid (22:6n-3); Values in the same row with a common superscript letter differ
significantly (p < 0.05).
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Figure 12. Significant differences in the sum of all the MUFA and PUFA in fish between experimental diets in fish

whole-body profile. Bars with a common superscript letter differ significantly (p < 0.05). Letters “a” refers to values

statistically different and higher than values referred as “b”, letters “ab” referred intermediate values. Letters

a are

against “ab” and “b” against “ab” but only within each group, } MUFA and } PUFA.
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Figure 13. Main differences in nutrient gain (mg/kg ABW /day). Bars with a common superscript letter differ
significantly (p < 0.05). Letters “a” refers to values statistically different and higher than values referred as “b”, letters

“ab” referred intermediate values. Letters “a” are against “b” but only within each group, > MUFA and 3 PUFA.
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3. 3. Colour and texture analyses

The tested diets resulted in some chromatic changes in skin and muscle as shown in Table
12. Chroma component, meaning colour saturation, was the only parameter that did not have
statistically significant differences between diets. Skin and muscle of fish fed TM50 had the
lowest L* values (40.69 £ 5.32) (p= < 0.001). On the contrary, the redness index (a* values)
was highest in skin and muscle of fish fed this diet (TM50; p=0.002). The yellowness index (b*
values) were highest in skin and muscle of fish fed TM100 diet (p=0.013), and hue values were
highest in skin and muscle of fish fed CTRL diet (p= < 0.001).

Table 12. Skin and muscle instrumental colour evaluation of European seabass fed experimental diets.

Experimental diets

CTRL TM50 TM100 p-value
Skin
L* 4375 + 3472 40.69 + 5.32°b 4549 + 6.61° < 0.001
a* -395 + 0.85° -346 + 0772 -367 £ 0.7732 0.002
b* 327 + 1.37° 343 = 1.11°b 435 + 1552 0.013
Chroma 517 + 1.48 491 = 1.19 575 = 1.55 0.050
Hue 14163 = 6.652 135.86 + 7.71°b 131.21 + 7.62°b < 0.001
Muscle
L* 40.75 + 1.83°2 39.73 + 3.18°b 4022 + 210°2 < 0.001
a* -328 * 0.34° -293 + 0622 -3.08 * 0.362b 0.002
b* 217 + 048° 223 + 0.65°P 247 * 0.922 0.013
Chroma 396 = 043 3.78 = 0.48 404 = 0.57 0.050
Hue 146.62 * 5582 142.63 = 1217° 14219 + 11.03° < 0.001

Values are presented as mean + standard error of the mean (n = 4); Values in the same row with a common

superscript letter differ significantly (p < 0.05).

The results of instrumental textural measurements (hardness, adhesiveness, springiness,
cohesiveness, chewiness, and resilience) are presented in Table 13. Only chewiness (N)
showed significant differences among dietary treatments (p=0.049), fish fed TM100 (0.38 +
0.08 N) had higher values than those fed TM50 (0.59 + 0.28 N) but did not differ significantly
from CTRL (0.47 + 0.15 N).
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Table 13. Texture profile parameters analysis of European seabass fed experimental diets.

Experimental diets

CTRL TM50 TM100 p-value
Hardness (N) 090 =+ 0.12 092 + 0.19 0.83 + 0.10 0.189
Adhesiveness (J) -0.03 = 0.02 -0.02 = 0.02 -0.03 = 0.02 0.460
Springiness 1.28 = 0.27 1.35 = 0.39 111 = 0.13 0.088
Cohesiveness 0.39 + 0.05 0.44 =+ 0.07 0.41 + 0.04 0.538
Chewiness (J) 047 + 0.15% 059 + 0.28° 0.38 + 0.082 0.043
Resilience 0.40 + 0.09 0.38 + 0.12 0.38 + 0.13 0.506

Values are presented as mean +* standard error of the mean (n = 4); Values in the same row with a common

superscript letter differ significantly (p < 0.05).

3. 4. Sensory analysis

There were no significant differences in the overall acceptance between the samples
evaluated by the sensory panel. The position of the batch did not have a significant effect on
the acceptance of samples by the tasters. Overall, consumers liked the product (Table 14; more
than 90% positive comments). All the samples were positively characterized by their pleasant
aspect, texture, and flavour. The CTRL sample seems to be associated with a whiter and
pleasant colour. The TM50 and TM100 samples were associated with a juicy texture (Table
14). Relatively to negative characteristics, there were no associations with statistical relevance.
Also, there were no differences in the global acceptance level between seabass fed with
different types of diets (Figure 14). All seabass tested had positive ratings and were accepted
by most tasters. It was not detected an impact of fish slice in the global acceptance of the

samples.

Contribution biplot(rows)
(axes F1 and F2: 100.00 %)

0,15
01 (A) White colour
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F1 (84.38 %)

Figure 14. Correspondence analysis biplot of the mean scores and loadings of European seabass fed the
experimental diets (CTRL, TM50, TM100) applied to assess the consensus among the variables that differed
significantly among dietary treatments in terms of consumer acceptance of seabass fillets.
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Table 14. Analysis of the consumer's comments.

Experimental diets

CTRL TM50 TM100 Total
Positive 171 180 170 521
Negative 12 6 9 27
Positive Appearance
Pleasant 21 24 22 67
Pleasant colour 13 9 6 28
White colour 12 7 9 28
Intense colour 2 3 3 8
Odour
Pleasant 20 20 20 60
Intense 2 3 1 6
Texture
Soft 21 20 20 61
Pleasant 19 20 20 59
Juicy 8 16 15 39
Proper consistency 2 1 3 6
Consistent 1 2 2 5
Flavour
Pleasant 41 46 43 130
Intense 5 5 3 13
Soft 2 2 2 6
Typical 2 2 1 5
Negative
Too dry 4 1 3 8
Too soft 1 - 4 5
Little intense 4 1 3 8
Not characteristic 1 4 1 6
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4. Discussion

The global demand for animal protein over the past few years launched an effort to increase
the development in the feedstuff industry to keep up with aquaculture intensive production
needs, especially for carnivorous fish species as Dicentrarchus labrax (Grigorakis, 2007;
Kousoulaki et al., 2015). Despite the reductions in the amounts of FM used in today's diets, this
effort must continue in order to privilege more sustainable formulations that cover the species
without harming the welfare and nutritional quality of the fish (laconisi et al., 2018; Nogales-
Mérida et al., 2019).

Among all terrestrial ingredients able to replace FM, such as plant proteins, insects have been
an up and coming ingredient not only for their ecological footprint in terms of production but
also for all their nutritional quality regarding protein and lipid levels (Henry et al., 2015). To
ensure the feasibility of insects as a substitute for FM it is important to assess the quality-
defining parameters as to how it interferes with the growth, development, and nutritional quality
of fish fed with experimental diets and to appraise the technical quality with consumer's
perception when these types of substitutions are made. Nutritional quality is mainly related to
filets PUFA content and sensorial quality more approached to organoleptic and sensory
perception of consumers (Grigorakis, 2017; Piccolo et al., 2017). Few studies have evaluated
the total replacement of FM by insect meal in diets for marine fish species and to the best of
our knowledge, the present study was the first one to address the effects of total replacement

of FM by defatted T. molitor larvae meal in European seabass diets.

Remarking all the results obtained in the present study, the major advances are related to the
generally good growth performance and somatic indexes observed in all fish fed the
experimental diet. All fish had similar final weight (around 267 g) and our results generally agree
with Chemello et al. (2020) that demonstrated that the total replacement of FM by T. molitor did
not affect growth performance of rainbow trout. laconisi et al. (2017b) also reported no overall
effects in growth performance of blackspot sea bream (Pagellus bogaraveo) fed with diets that
had 25% and 50% of T. molitor inclusion. Likewise, Piccolo et al. (2017b) did not report any
negative effects on growth performance of gilthead seabream (Sparus aurata) fed diets with
25% and 50% T. molitor to replace FM. On the other hand, Ido et al. (2019) carried out a study
with 100% replacement of FM by T. molitor in red seabream (Pargus major) achieving positive
results in overall growth performance and disease resistance, justifying the improvement with

the defatting process of diets used in the experiment. In contrast to all these studies, Gasco et
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al. (2016) reported an impairment of growth performance parameters in European seabass
with the dietary inclusion of 50% of a full-fat T. molitor meal, decreasing DM intake, feeding
rate, and weight gain. Regarding the use of other insect species, Abdel-tawwab et al. (2020)
tested dried Hermetia illucens in European seabass diets (12.1 £ 0.21 g) and reported no
significant differences on growth performance with protein replacement of 25, 35, or 50% of
FM. These authors have also performed a simple economic analysis of fish production and
reported that diets with increasing levels of black soldier fly (BSF)decreased their feeding cost
by 15.6% per ton of fish gain, implying a decrease from 0.71 to 0.60 US$ (EUR 0.60 to 0.51)
per kg diet. They explained this reduction by the prices of feed, feeding rate, stocking density,

fish size, fish yield, and fish sales.

Regarding VFI, our results evidenced a decrease in this parameter with insects’ inclusion,
especially in TM50. Belforti et al. (2015) also reported a VFI decrease in rainbow trout fed with
diets with full-fat T. molitor. This reduction was associated with the high-fat content present in
insect-based diets and/or the type of fatty acids in those diets. However, this was not the case
in the present study as diets were isolipidic. It can also be hypothesized that increased dietary
lipid content might have contributed to fatty acid oxidation that might have led to a reduced
appetite, and consequently, reduced feed intake (Belghit et al., 2019). Rema et al. (2019) have
also observed reduced feed intake but, like in the present study, diets were isolipidic, so they
suggested that this was probably correlated with a better nutritional and metabolic adequacy
of such diets since this reduction on intake did not decrease growth performance and even

increased feed efficiency.

In the present study, the substitution of FM by increasing levels of TM significantly affected
the FCR and PER, which give insect diets a great advantage from a mass production
perspective, as the TM50 diet showed the lowest FCR and the TM100 diet the same FCR as
the control, thus giving a possibility for future replacement of FM. Also, the fact that seabass in
TM50 treatment had a lower FCR than those fed the CTRL diet, implies that fish had lower feed
wastage and/or higher utilization of feed. Likewise, Belforti et al. (2015) showed a low FCR and
a higher PER with 25% and 50% of full-fat T. molitor inclusion in diets for rainbow trout.
Contrarily, Mikofajczak et al. (2020) reported decreased PER in sea trout (Salmo trutta
m. trutta) fingerlings fed with diets containing 10% of hydrolysed mealworm. In juvenile rainbow
trout, Rema et al. (2019) have evaluated the total replacement of FM by T. molitor and have
also observed a lower FCR and an increased PER in diets with TM when compared to a control

diet, confirming the present results. The PER increment may be related to increased protein
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digestibility. This is particularly interesting since insects’ crude protein digestibility is normally
lower than FM, probably due to chitin content present in insects (estimated to 6.6% of total
nitrogen in mealworm larvae meals) (Ido et al., 2019), but that was not evaluated in our study.
Basto et al. (2020) have recently determined the ADC of commercially available insect larvae
species (BSF, TM and locust meal (LM)), full-fat and defatted. Results highlighted the high
protein level, high protein digestibility and high amount of digestible EAAs in Tenebrio molitor
larvae meals (> 89%) suggesting they were promising protein sources for European seabass,

preferentially in their defatted form.

Regarding European seabass whole-body proximate composition, crude fat increased after
insects’ inclusion. Although insects have a high-fat content, that in the case of T. molitor can
reach 30-35 % DM (Piccolo et al. 2017), the TM used in the present trial was defatted and diets
remained isolipidic, so the increased fat content was probably due to differences in metabolism.
Ng (2001) also reported higher lipid content in African catfish (Clarias gariepinus) fed diets
containing T. molitor to replace 20, 40, 60, 80 and 100% of FM compared with the control.

It is well established that the dietary fatty acid profile will be reflected in the fatty acid profile
of fish tissues (Bruni et al., 2020; Kousoulaki et al., 2015; Renna et al., 2017). Itis also important
to refer that differences in fatty acid profiles between studies, even when using the same insect
species, are normal to occur since many factors can affect insects composition (Borgogno et
al., 2017; laconisi et al., 2018; Renna et al., 2017). For example, the rearing substrates used
for growing insects are very important since insects can accumulate different fatty acids, and
therefore their fatty acid profile can be tailored according to the requirements needed to be
used in fish trials (Paul et al., 2017). Ewald et al. (2020) used different diets containing marine
products for producing BSL larvae and concluded that their fatty acid profile can be affected by
diets, but these modifications are limited since the EPA and DHA percentage incorporated in
the larval stage decreased with weight gain. These findings suggest that fish oil substitutions
can be compromised with the inclusion of insect meals, but they can still be suitable for

vegetable oils substitutions.

Generally, fish have low SFA content (<30%), except for some fatty species (Alasalvar et al.,
2002). The present study showed that muscle SFA had significantly higher values when the
TM100 diet was used, indicating that insect inclusion may induce the increase of SFA,
confirming previous data reported in the literature (Borgogno et al., 2017). Palmitic acid (C16:0)
had the highest percentage among the SFA and significantly increased with T. molitor inclusion.
One positive side for this increment is the fact that fish are different from other vertebrates since
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the energy is predominantly obtained from C16:0 and MUFA (C18:1n9, C20:1n11, C22:1n11),
so TM50 and TM100 diets had more energy available for muscle deposition and growth (Bruni
et al., 2020; Tocher, 2003). Contrarily to the present observations where TM100 samples
presented significantly higher values for these fatty acids when compared with TM50 and
CTRL, Gasco et al. (2016) and laconisi et al. (2018) reported that the sum of SFA in European
seabass and rainbow trout muscle was not influenced by the dietary inclusions of T. molitor (25
and 50% of inclusion levels in both trials) even when the ingredient and diets formulation
included high SFA content.

Oleic acid (C18:1n9c) is the most abundant fatty acid among dietary MUFA, and high
inclusions of insects increased their percentage in muscle lipids. This happened possibly
because this fatty acid is present in high content in insects, especially in Tenebrio molitor
(laconisi et al., 2018; Nogales-Mérida et al., 2019). Despite these differences, the sum of MUFA
did not have significant differences among dietary treatments since other MUFA decreased

with increasing levels of T. molitor.

In seabass, the linoleic acid (18:2n6) has the highest percentage among all the PUFA, with
TM100 presenting the highest values, reflecting the dietary profile. This happens in other
studies and is explained by the high dietary inclusion of terrestrial ingredients in aquafeeds
(Belforti et al., 2015; Grigorakis, 2007; laconisi et al., 2018, 2017b; Nogales-Mérida et al., 2019;
Skalli et al., 2006). Another possible explanation for these high amounts of linoleic acid is due
to the lack of desaturase and elongase activity that would improve the biosynthesis of LC-PUFA
from linoleic acid (Glencross, 2009). Also, it is important to highlight that dietary linoleic acid
may lead to oxidation of LDL and increased production of pro-inflammatory mediators via

metabolic conversion to arachidonic acid (ARA, C20:4n-6) (Simopoulos, 2008).

The n-3 percentage decreased in the muscle of fish fed TM, resulting in reduced n-3/n-6 ratio,
and this is in agreement with previous data (Alasalvar et al., 2002; Barroso et al., 2014; Belforti
et al., 2015; laconisi et al., 2018). Khosravi et al. (2018) have also reported decreased n-3
PUFA in fillets of rockfish (Sebastes schlegeli) fed with increasing levels of T. molitor (8, 16,
24, and 32%). According to Gasco et al. (2019), fish fed with high levels of TM meal have
shown a decrease in the n-6 PUFA content, which did not happen with our results, and is

probably associated with distinct dietary formulations among studies.

European seabass, like other marine fish species, cannot elongate and desaturate C18 fatty

acids to EPA and DHA, due to the lack of 12 and 15 desaturases. Thus, they cannot synthetize
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these fatty acids de novo, and their right amounts should be included in the diets (Kousoulaki
et al., 2015; Tocher, 2003; Turchini et al., 2013). All experimental diets have fish oil in their
formulation (high amounts in CTRL and decreasing in insect diets), but the percentage of the
essential fatty acids EPA and DHA decreased with insect inclusion in experimental diets. The
amount of these two fatty acids even in TM50 and TM100 diets are related to the fish oil content,
due to the lack of EPA and DHA in insects, the biggest limitation in insects usage in diets for
marine fish (Barroso et al., 2014). Previous studies have also reported a decrease in EPA+DHA
content in the muscle when replacing fishmeal with insects as a protein source. Belforti et al.
(2015) reported this decrease with inclusion levels of 25 and 50 % of T. molitor in rainbow trout
diets. Nevertheless, the total amount of EPA and DHA in European seabass whole-body and
100g portion of fillet did not have significant differences when expressed by g/100 g of WW.
This happens because, although the relative % of EPA and DHA in terms of total fatty acids
decreased, the fillet lipid content increased both in whole-body and muscle, contributing to
increased total amounts of these fatty acids in the fillet. In our study, the EPA+DHA values for
muscle in fish fed the tested diets complied with the EFSA recommendation for a daily intake
of 0.25 g/100 g fresh weight of EPA+DHA for healthy individuals in both TM50 and TM100 diets
(EFSA, 2012).

According to Tocher, (2015), oxidation of fatty acids is related to enzyme specificities and
competition between fatty acids, meaning that for the proper retention of preferential fatty acid,
the right balance needs to be established. Fatty acids retention may fluctuate taking into
account several factors as fish species, nutritional status, or the dietary composition. Different
fatty acids may have different retention levels, and it is known that, for example, EPA and DHA
do not change a lot their retention levels, regardless of the lipid source used in the diets. On
the other hand, linoleic acid (C18:2n6) and linolenic acid (C18:n3) have selective retention for
different lipid sources and has been demonstrated to be preferentially retained (Glencross,
2009). Asuman et al. (2016) reported in a study of different feeding schedules for European
seabass that since the linoleic acid is deposited in the whole body, it is also selectively retained
in fish flesh and is resistant to suffer desaturation, even if the dietary lipid source is changed.
This was observed in our study since the consumption and retention levels were significantly
higher for some fatty acids, as oleic and linoleic acid that was present in muscle and whole
body in high amounts. Fish fed TM50 had higher retention of oleic and linoleic acid, probably
due to a lower feed intake, but resulted in the highest gain in fish fed TM100.
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Fish colour may vary according to several factors including diet, temperature or season, and
type of storage (Fuentes et al., 2010; laconisi et al., 2018). Diets used in this trial seem to have
an impact on skin and fillet colour. Skin and muscle L* values for fish fed TM50 diet were lower
than TM100 and CTRL. Fuentes et al. (2010) compared skin colour of wild and farmed seabass
reporting that wild seabass (42.39 + 1.54) was lighter than farmed seabass (37.63 + 4.69; 36.66
+ 3.62). The muscle L* values presently observed are similar to those observed in wild seabass.
Regarding a* values, it is important to highlight the presence of 3-carotene pigment in insects
that is expressed as a red-coloured pigment. Since fish are not able to produce carotenoids de
novo, those who are present in skin and muscle are exclusively inherent to experimental diets
(laconisi et al., 2017). Although seabass has white flesh, it is important to notice that b* values
increased between diets, which means that both skin and muscle turned yellowish, being
significantly higher in the TM100 diet. One possible explanation for this effect may be the higher
muscle lipid content in those fish. Also, this may be due to the presence of riboflavin (vitamin
B2) in mealworms, a yellow-coloured pigment, that when used in high inclusion levels may lead
to increased deposition in fish fillets and skin. Increased b* values were also observed by
laconisi et al. (2017b), with the inclusion of 25% and 50% of T. molitor in blackspot sea bream
diets. Despite all this, both diets (TM50 and TM100) correspond to colour values reported by
Fuentes et al. (2010) for wild seabass skin. In summary, the present results are in general
accord with laconisi et al. (2017) results, reporting increased redness in the fillet of blackspot

seabream fed with the 33% dietary inclusions of T. molitor replacing 25% of FM.

The chemical parameters and sensory evaluation are strongly linked. Fatty acid and lipid
profile have been reported to affect texture attributes like texture, juiciness, and tenderness
(Borgogno et al., 2017). According to Arechavala-Lopez et al. (2013) texture parameters as
cohesiveness, springiness and hardness are normally higher in wild seabass than in farmed
fish. In our study, these parameters did not have significant differences between dietary
treatments. However, chewiness increased with the inclusion of T. molitor, indicating an
improvement of fillet quality with insect-based diets. Likewise, Mancini et al. (2018) and Bruni
et al. (2020) also did not report overall differences in the texture of fish flesh (rainbow trout and
Atlantic salmon, respectively) fed with black soldier fly (25 and 50% of substitution of FM and
4.91, 9.84, and 14.75% of BSF inclusion, respectively). Overall, in this study, TM larvae meal
did not influence the texture characteristics of fillets. This is in general accord with previous
studies where 25 and 50% of FM were substituted by TM in diets for blackspot seabream
(laconisi et al., 2017), gilthead seabream (Piccolo et al., 2017), and rainbow trout (laconisi et

al., 2018).
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Fish muscle represents the edible part of the fish (44.2 % of seabass whole-body) and its lipid
content plays an important role in sensory profile since it is responsible for a certain flavour of
fish flesh, due to its volatile compounds characteristic of fish flavour (Arechavala-Lopez et al.,
2013; Gasco et al., 2019; Grigorakis, 2007). According to Grigorakis (2007), fatty fish are
normally associated with a “juicy” sensation, meaning that a high lipid content may affect the
fish taste. In the present study, and according to the consumer’s comments, fish fed with TM50
and TM100 had the highest juiciness when compared with CTRL. In a study performed by
Mancuso et al. (2016), where the Italian consumers' interest in fish fed with insects was
analysed, 90% of the inquiries responded that they intended to purchase those products if the
hygiene and quality requirements were fulfilled. In our study, the terms freely provided by the
panellists to describe fish sensory properties were not related to any negative hedonic valence,
which may indicate that a partial or full FM replacement with insect meal did not lead to a
perception of sensory defects or off-flavours. These results are especially important from a
market perspective, since consumers, will be able to buy a fish that was fed with insects without
perceiving any differences in flavours. This may be related to the defatting process of the insect
meal that has been suggested as a method to improve insects’ organoleptic characteristics
(Mastoraki et al., 2020; Sanchez-Muros, Barroso, and Haro, 2016). Arechavala-Lopez et al.
(2013) affirm that farmed seabass seems to have higher juiciness than wild ones, which may
also explain the comments of the panellists. Stadtlander et al. (2017) also performed a sensory
evaluation of rainbow trout fed with different levels of black soldier fly but no significant
differences were found by panellist for taste and odour. These are very promising results as

the observed differences in muscle fatty acids do not seem to be perceived by consumers.

49



5. Conclusion

The present study demonstrated that the substitution of 50% FM by TM significantly improves
FCR and PER, without affecting fish growth. Likewise, total replacement of FM by TMd did not
impair European seabass growth performance, HSI and VSI, but increased the whole-body fat
content, suggesting a strong impact on lipid metabolism. On the other hand, it is important to
highlight that fish fed insect-based diets had a positive impact on consumers’ view since no

differences were found in all the parameters evaluated in the sensory perception of the fillet.

Despite the reduction of the relative content of EPA and DHA (% total fatty acids) in the
muscle, the absolute values of EPA + DHA in a fillet portion of 100 g for human consumption
remained above the recommended levels for human consumption (>0.25g / 100g of wet weight)
in all fish and did not vary significantly among treatments. These results suggest a possible
replacement of fish meal with Tenebrio molitor in diets for European seabass, but the total

substitution of FM has to be addressed with caution in a long-term ftrial.
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6. Future perspectives

Some studies are needed to fully understand the utilization of fatty acids and other nutrients
present in insect meals and the way they influence seabass general condition. For example, it
will be important to evaluate nutrient digestibility to better understand ingredient utilization by
fish and ascertain if chitin might have some influence on intestinal structure or function (e.g.

any probiotic effect).

The evaluation of enzyme activities would be another important study to conduct, especially
when related to lipid metabolism, as well as, measuring the lipid content of liver to better

comprehend fish lipogenesis and lipid deposition and metabolism.
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