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This study evaluated the replacement of fish oil (sardine oil) by different
combinations of alternative marine lipid ingredients as sources of eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA) in European sea bass (Dicentrarchus
labrax) throughout 14 days of ice storage. A practical diet (SARDINE) was used as
a control, which included 9% sardine oil and 4.4% soybean oil, providing 2.3% of
EPA + DHA. Two other experimental diets were formulated to achieve the same
EPA + DHA values but completely devoid of soybean oil. In the ALGABLEND diet,
6.7% of salmon oil (salmon by-product) and 2% of algae biomass (Algaessence
Feed™) partially replaced sardine oil. In the ALGAOIL diet, sardine oil was totally
replaced with 10.1% salmon by-product oil and 3.3% algae oil (Veramaris®).
All diets were equally well-accepted by European sea bass, resulting in similar
growth performance, somatic indexes, and whole body composition. At the
end of the trial, no significant differences were found in the EPA + DHA levels of
fish muscle between dietary treatments, resulting in high values of EPA + DHA
(> 0.62g 100g™). Furthermore, replacing fish oil did not significantly affect the
organoleptic and chemical properties of the fish samples. Parameters such as
pH, water holding capacity, lipid oxidation, antioxidant capacity, color and texture
presented similar values to those obtained for fish fed the SARDINE diet during
the 14 days of storage in ice. In conclusion, these results show that combining
algal oil (Veramaris®), algae blend (Algaessence Feed™) and salmon by-product
oil can be a successful strategy for the fortification of European sea bass muscle
in EPA and DHA while ensuring fish freshness, nutritional quality, and consumers’
health.

European sea bass, EPA and DHA, fish oil, muscle quality, omega-3 fatty acids,
sustainable aquaculture, fish nutrition
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1. Introduction

Fish is an important source of essential macronutrients, vitamins
and minerals, being our primary source of omega-3 long-chain
polyunsaturated fatty acids (n-3 LC-PUFA), specifically the omega-3
fatty acids EPA (eicosapentaenoic acid; C20:5n-3) and DHA
(docosahexaenoic acid; C22:6n-3) (Maulu et al., 2021). Eating fish is
associated with the prevention of cardiovascular diseases, improved
immune function, brain development in infants, and mental and
metabolic health in adults (Larsen et al., 2011; Ruxton, 2011; Liet al.,
2020; Maulu et al, 2021). In fact, strong evidence shows that
consuming fish regularly, more than one fatty fish meal per week, can
lower the risk of primary cardiac arrest by 50% and prevents brain
disorders that are dramatically increasing worldwide (Raatz et al,,
2013; Kokubun et al., 2020). Therefore, the European Food Safety
Authority recommends a daily intake between 0.25 and 0.50g of
EPA + DHA to prevent cardiovascular accident risk in European adults
(EFSA, 2012). Aquaculture will play an increasing role in meeting this
recommendation since it contributes to nearly half of the global fish
consumption (FAO, 2020). In the future, the importance of tailoring
fish diets to create value-added products that meet consumer
expectations, coupled with a heightened emphasis on food fortification
and food safety, will elevate nutrition as a crucial control point in
aquaculture (Glencross et al., 2023).

Aquaculture has been growing leading to an increasing global
demand for fish meal (FM) and fish oil (FO), key protein and lipid
sources in aquafeeds, derived from either forage (reduction) fishery
resources or aquaculture by-products (Glencross et al., 2023; Newton
etal, 2023). But the use of fish meal and fish oil in aquafeeds has been
globally decreasing, and reached a peak of approximately 3.6 million
tonnes per annum and 0.9 million tonnes per annum respectively, as
reported by Glencross et al. (2023). Although Newton et al. (2023)
have recently shown that marine ingredients tend to have a lower
environmental footprint compared to terrestrial ingredients, Life
Cycle Assessments (LCA) do not account for the stock status of
fisheries. Additionally, commonly vegetable lipid sources like soybean
oil (SyO) are witnessing a price surge (Nagappan et al., 2021). This rise
in ingredient costs, coupled with the overexploitation of small pelagic
fish in some regions, has created financial and environmental
challenges to the feed industry (Montero et al., 2005; Nagappan et al.,
2021). Therefore, identifying sustainable and suitable ingredients for
aquafeeds to meet the increasing global aquaculture production, while
still delivering healthy and safe products to consumers is a priority.

Several studies have shown that vegetable oils (VO) do not affect
the growth performance and feed conversion of freshwater and
marine fish feeds, and can hence be good alternative dietary lipid
sources (Bell et al., 2001; Rosenlund et al., 2001; Turchini et al., 2009;
Dikel et al., 2013; Pereira et al., 2019). However, others studies have
reported negative effects of VO on fish health and disease resistance
(Montero and Izquierdo, 2010; Nasopoulou and Zabetakis, 2012). In
European sea bass (Dicentrarchus labrax), a major species in
Mediterranean aquaculture, the use of SyO has been the focus of
several studies, with survival, growth performance and feed intake not
being compromised when used to partially replace FO (Izquierdo
et al., 2003; Montero et al., 2005; Dikel et al., 2013). In fact, several VO
can replace up to 60% of the FO in European sea bass diets without
compromising their growth and feed utilization, namely if essential
fatty acids requirements are met (Izquierdo et al., 2003). However, the
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use of plant based-substitutes may lead to significant changes in the
nutritional quality of fillets, including a significant decrease in the
n-3/n-6 ratio and lower levels of n-3 LC-PUFA, due to the absence of
EPA and DHA in vegetable sources (Izquierdo et al., 2005a; Shah et al,,
2018). The inclusion of certain VO in marine fish diets can
compromise not only fish health and nutritional quality, but also
sensory properties (Glencross, 2009; Castro et al., 2022), such as
appearance, odour, flavour, and texture by altering the muscle fatty
acid (FA) profiles (Turchini et al., 2004, 2007; Grigorakis et al., 2009;
Alexi et al., 2017). For instance, fish fed with diets high in omega-6
polyunsaturated fatty acids (n-6 PUFA) such as plant based-diets had
increased level of these fatty acids (FAs) in their flesh, leading to an
increase in the relative amount of n-6 PUFA-derived volatile
aldehydes, which negatively impacted the general aroma of fish muscle
and produced an off-flavour attribute in sensory analysis (Turchini
et al., 2004, 2007).

Some of the limitations associated with poor quality of fish muscle
after the dietary inclusion of plant based-substitutes of FO can
be overcome by including micro - and macroalgae in the feed. As an
example, a diet for gilthead seabream (Sparus aurata), was formulated
with a combination of Chlorella sp., Tetraselmis sp., and DHA-rich
Schizochytrium sp. replacing 33% of FM and resulted in effective
muscle accumulation of EPA + DHA (Ferreira et al., 2022). Besides
their richness in n-3 LC-PUFA, algae also contain various bioactive
compounds that can enhance antioxidant properties and delay lipid
peroxidation, improve sensory attributes and prolong the shelf life of
fish post-harvest (Wells et al., 2017; Ben Atitallah et al., 2019; Katerina
et al., 2020; Annamalai et al., 2021; Chen et al., 2021; Nagappan et al.,
2021; Tavakoli et al., 2022). Microalgae are also rich in minerals as
selenium that have been shown to greatly minimize gaping (Tavakoli
etal, 2022). For instance, the addition of just 5% Schizochytrium sp.
to Atlantic salmon (Salmo salar) feed not only improved EPA + DHA
retention efficiency, but also reduced muscle gaping and improved
fillet quality (Kousoulaki et al., 2016). The use of Schizochytrium oil
(Veramaris ®) in FO-free diets improved the taste of Hawaiian
yellowtail (Seriola rivoliana) without affecting fillet yield or survival
(Meigs et al., 2020). Likewise, Takyar et al. (2019) observed improved
fillet quality in rainbow trout (Oncorhynchus mykiss) when the diet
included extracts of Spirulina latensis and Chlorella vulgaris, and in
addition, a significant delay in lipid oxidation and an extension of shelf
life when stored at 4°C was also observed. Furthermore, another study
by Ben Atitallah et al. (2019) indicated that even a small inclusion of
microalgae (specifically Isochrysis, Picochlorum, and Chlorella) at just
1% can enhance the water holding capacity (WHC), thereby reducing
dehydration during storage.

Despite several promising results, the application of microalgal
biomass or extracted oils as a source of n-3 LC-PUFA faces challenges
due to high production costs (Liu et al., 2022). Still, their use at low
inclusion levels in combination with recycling activities, such as FO
production from fish waste or agro-industry by-products, can be a
cost-effective strategy to provide alternative n-3 LC-PUFA for
aquafeeds. The Atlantic salmon is an excellent example, accounting for
35% of the overall estimated consumption of aquaculture products,
and a recent study showed that it demonstrated high lipid content in
heads (21.5%), frames (17.2%), and trimmings (26.4%) (Malcorps
etal, 2021). In fact, Malcorps et al. (2021) observed that the highest
EPA + DHA were observed for heads (1.53g 100g™"), followed by
trimmings (1.74g 100g™), skin (1.21g 100g™") and viscera (1.10g
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TABLE 1 Fatty acid profile of lipid sources.
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Ye[®) SmO SyO AO AF
Fatty acids (% total fatty acids)
Cl14:0 8.3 24 0.1 1.8 25.1
C16:0 (PA) 17.0 10.1 10.7 22.8 12.4
C18:0 3.0 2.6 3.0 1.0 0.3
X SFA* 29.8 16.0 14.6 26.6 39.1
Cl16:1 n-7 17.1 2.8 0.1 0.1 2.8
C18:1n-9 (OA) 5.7 38.7 234 0.03 0.2
C18:1n-7 29 2.9 1.5 0.02 0.6
C20:1n-9 0.1 3.0 0.2 0.01 -
¥ MUFA® 20.1 49.9 253 0.2 39
C18:2 n-6 (LA) 1.1 14.4 54.2 0.03 0.5
C18:3 n-3 (ALA) 0.1 6.3 54 0.1 0.1
Cl18:4n-3 29 0.7 0.03 0.3 0.2
C20:4 n-6 1.0 0.1 - 3.0 1.8
C20:5 n-3 (EPA) 19.3 3.1 - 18.6 4.0
C22:5n-3 2.0 1.2 0.03 3.1 -
C22:6 n-3 (DHA) 9.3 33 - 42.7 39.0
EPA + DHA 28.5 6.4 - 61.3 43.1
DHA/EPA 0.5 1.1 - 2.3 9.7
X n-3¢ 34.4 15.8 5.5 66.0 43.9
T n-6¢ 24 15.8 54.3 33 2.6
X n-3/ X n-6 14.2 1.0 0.1 19.9 17.1
X PUFA® 43.3 324 59.8 69.3 46.5
% Unknown fatty acids 6.8 1.8 0.4 4.0 10.5
Fatty acids (%DM)
C20:5 n-3 (EPA) 15.8 2.0 - 14.9 0.9
(C22:6 n-3 (DHA) 7.5 2.1 - 33.6 8.4
EPA + DHA 232 4.1 - 48.4 9.3

SdO, Sardine oil; SmO, Salmon oil; SyO, Soyben oil; AO, Algae oil; AF, Algaessence Feed™; PA, palmitic acid; OA, oleic acid; LA, linoleic acid; ALA, a-linolenic acid, EPA, eicosapentaenoic

acid; DHA, docosahexaenoic acid.

X SFA, sum of saturated fatty acids, includes C10:0, C12:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:0.
bY MUFA, sum of monounsaturated fatty acids, includes: C14:1, C16:1, C17:1, C18:1n-7, C18:1n-9, C20:1n-9, C22:1n-9, C22:1n-11, C24:1n-9.
X n-3, sum of n-3 PUFA, includes:C18:3n-3, C18:4n-3, C20:3n-3, C20:4n-3, C20:5n-3, C22:5n-3, C22:6n-3.

9% n-6, sum of n-6 PUFA, includes: C18:2n-6, C18:3n-6, C20:2n-6, C20:3n-6, C20:4n-6.

“Z PUFA, sum of polyunsaturated fatty acids, includes C16:2n-4, C16:3n-4, C16:4n-1, C18:2n-6, C18:3n-6, C18:3n-3, C18:4n-3, C20:2n-6, C20:3n-6, C20:4n-6, C20:3n-3, C20:4n-3, C20:5n-3,

C22:5n-3, C22:6n-3.

100g™"). This highlights its significant industry potential, namely in
the utilization of various by-products in aquafeeds (Stevens et al.,
2018; Malcorps et al., 2021). Such by-product can be further processed
to manufacture cost-effective oils for aquafeeds.

The present study aimed to assess the feasibility of replacing high
quality FO - mainly sardine oil (SdO) - by alternative marine lipid
sources, while maintaining European sea bass growth performance
and fillet nutritional value for consumers. In addition, organoleptic
and chemical quality traits were evaluated during 14days of
cold storage.

2. Materials and methods

2.1. Ethical statement

The experiments with fish were approved by the Ethical
Committee of Riasearch Lda (Murtosa, Portugal) in compliance with
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the National Competence Authority and the guidelines of the
European Union Directive 2010/63/EU.

2.2. Ingredients and experimental diets

Commercially available salmon by-product oil (SmO; Sopropéche,
France), algae oil (AO; Veramaris®, Blair, NE, United States) and
Algaessence Feed™ (AF a blend of macro- and microalgae species
Gracilaria sp., Nanochloropsis sp. and Shizochitrium sp.; ALGAplus
Lda., Portugal), were selected based on their n-3 LC-PUFA richness
and economic feasibility to replace FO (mainly SdO), still ensuring
high EPA and DHA levels (Table 1). Based on the nutritional
requirements of European sea bass (NRC, 2011), three isoproteic (54%
dry matter, DM), isolipidic (18% DM) and isoenergetic (24kJ g™' DM)
diets were formulated with moderate levels of protein from marine
ingredients (15.0% FM and 3.5% hydrolyzed fish protein), 10.0% of
poultry meal and different mixtures of lipid sources (Table 2). A
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TABLE 2 Ingredients and chemical composition of experimental diets.

Ingredients (%) SARDINE ALGABLEND ALGAOIL
Fishmeal Super Prime* 15.0 15.0 15.0
Fish protein hydrolysate® 35 35 35
Poultry meal* 10.0 10.0 10.0
Soy protein concentrate? 10.0 10.0 10.0
Pea protein concentrate © 5.5 5.5 5.5
Wheat gluten® 10.0 10.0 10.0
Corn gluten meal® 5.0 5.0 5.0
Soybean meal 6.0 6.0 6.0
Wheat meal’ 13.6 12.1 13.6
Wheat bran/ 5.5 5.5 5.5
Vitamins and Mineral* 1.0 1.0 1.0
Antioxidant' 0.2 0.2 0.2
Monocalcium phosphate 1.15 1.15 1.15
L-Lysine HC1 99%"™ 0.15 0.15 0.15
DL-Methionine" 0.05 0.05 0.05
Fish oil (mainly sardine)° 9.0 6.7 -
Soybean oil? 4.4 - -
Salmon oil® - 6.2 10.1
Algae oil" - - 33
Algaessence Feed™" - 2.0 -
Chemical composition (g or kJ 100g~* DM)

Protein 53.9 54.6 54.3
Crude fat 18.3 18.3 18.1
Energy 235 23.3 23.7
Ash 6.5 6.9 6.5
Carbohydrates' 21.3 20.2 21.1

“Fishmeal Super Prime: 71.0% crude protein (CP), 11.0% crude fat (CF), Exalmar S.A.A., Peru.

“Fish protein hydrolysate, CPSP90: 86% CP, 6% CF, Sopropéche, France.

Poultry meal: 69.1% CP,13.7% CF, SAVINOR SA., Portugal.

4Soy protein concentrate (Soycomil P): 65% CP, 0.7% CF, ADM Animal Nutrition™, The Netherlands.

Pea protein concentrate: Lysamine GPS, Roquette Fréres, France.

VITEN: 82% CP, 2.1% CF, Roquette. France.

Corn gluten meal: 61% CP, 6% CF, COPAM, Portugal.

"Soybean meal 44: Cargill, Spain.

‘Wheat meal: 10.2% CP, 1.2% CF, MOLISUR. Spain.

’Wheat bran: Casa Lanchinha, Portugal.

%Vitamins (IU or mg-kg—1 diet): DL-alpha tocopherol acetate, 255 mg; sodium menadione bisulfate, 10 mg; retinyl acetate, 26,000 IU; DL-cholecalciferol, 2,500 1U; thiamine, 2 mg; riboflavin,
9mg; pyridoxine, 5mg; cyanocobalamin, 0.5 mg; nicotinic acid, 25 mg; folic acid, 4 mg; L-ascorbic acid monophosphate, 80 mg; inositol, 17.5 mg; biotin, 0.2 mg; calcium panthotenate, 60 mg;
choline chloride, 1960 mg. Minerals (g or mg-kg™ diet): copper sulfate, 8.25 mg; ferric sulfate, 68 mg; potassium iodide, 0.7 mg; manganese oxide, 35 mg; organic selenium, 0.01 mg; zinc sulfate,
123 mg; calcium carbonate, 1.5 g; excipient wheat middlings: WISIUM, ADM Portugal S.A. Portugal.

'VERDILOX. Kemin Europe NV, Belgium.

"L-Lysine HCI 99%: Ajinomoto Eurolysine SAS. France.

"DL- Methionine: EVONIK Nutrition & Care GmbH. Germany.

°Fish oil: Sopropéche, France.

PSalmon oil: Sopropéche, France.

9Algae oil: Veramaris®, Blair, NE, United States.

"Soybean oil: JC Coimbra, Portugal.

*Algaessence Feed™: Blend of Nannocloropsis, Gracilaria and Shizochitrium:4% CF; ALGAplus Lda., Portugal.

‘Carbohydrates: Calculated by estimation, 100 - Crude Protein — Crude fat — Ash.

commercially based diet was used as control - SARDINE - with 9.0%  of SmO and 3.3% of AO. All experimental diets were supplemented
of SdO and 4.4% of soybean oil (SyO). The other two experimental ~ with mono-calcium phosphate, L-lysine and DL-methionine, and
diets were completely devoid of SyO, while SdO was replaced as  were extruded and produced by SPAROS Lda. (Olhdo, Portugal).
follows: in ALGABLEND, SdO was partially replaced by 6.2% of SmO  Proximate composition and FA profile of the experimental diets are
and 2% of AF; in ALGAOIL diet, SO was totally replaced by a 10.1%  presented in Tables 2, 3 respectively.
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TABLE 3 Fatty acid composition of the experimental diets.

10.3389/fsufs.2023.1224370

SARDINE ALGABLEND ALGAOIL

Fatty acid (%total fatty acids)

Cl14:0 4.1 4.8 2.0
C16:0 (PA) 15.9 14.7 14.6
C18:0 35 32 2.8
ZSFA* 24.7 24.1 20.7
Cl16:1 n-7 5.4 5.1 23
C18:1n9 (OA) 14.7 21.9 27.4
C18:1n-7 2.3 2.7 2.3
C20:1 n-9 0.7 1.8 22
SMUFA® 24.2 334 36.2
C18:2n-6 (LA) 21.8 12.4 15.1
C18:3 n-3 (ALA) 2.4 3.1 4.1
Cl18:4n-3 1.5 1.3 0.6
C20:4 n-6 0.7 0.4 0.9
C20:5 n-3 (EPA) 9.4 8.1 5.5
C22:5n-3 1.1 1.2 1.3
C22:6 n-3 (DHA) 6.1 7.6 10.6
EPA + DHA 15.4 15.8 16.1
DHA/EPA 0.7 0.9 1.9
X n-3¢ 20.9 223 23.1
% n-6¢ 23.0 13.5 16.8
2Xn-3/Zn-6 0.9 1.7 1.4
ZPUFA® 46.7 38.1 40.3
Fatty acids (% DM)

C20:5 n-3 (EPA) 14 1.3 0.8
C22:6 n-3 (DHA) 0.9 1.2 1.6
EPA + DHA 2.3 2.5 2.4

% SFA, sum of saturated fatty acids, includes C10:0, C12:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:0.
bY MUFA, sum of monounsaturated fatty acids, includes: C14:1, C16:1, C17:1, C18:1n-7, C18:1n-9, C20:1n-9, C22:1n-9, C22:1n-11, C24:1n-9.
¥ n-3, sum of n-3 PUFA, includes:C18:3n-3, C18:4n-3, C20:3n-3, C20:4n-3, C20:5n-3, C22:5n-3, C22:6n-3.

4% n-6, sum of n-6 PUFA, includes: C18:2n-6, C18:3n-6, C20:2n-6, C20:3n-6, C20:4n-6.

X PUFA, sum of polyunsaturated fatty acids, includes C16:2n-4, C16:3n-4, C16:4n-1, C18:2n-6, C18:3n-6, C18:3n-3, C18:4n-3, C20:2n-6, C20:3n-6, C20:4n-6, C20:3n-3, C20:4n-3, C20:5n-3,

C22:5n-3, C22:6n-3.

2.3. Growth trial and fish sampling

The growth trial was performed in Riasearch Lda. (Murtosa,
Portugal), with European sea bass juveniles obtained from a
commercial fish farm. Fish were individually weighed (g) and 12
homogeneous groups of 20 fish (71.3+13.2g) were randomly
distributed by 350L fiberglass tanks within a saltwater recirculation
system (water temperature of 21°C, salinity of 18%o, flow rate at
700L/h (200% water renewal/h) and 12h light/12h dark photoperiod
regime). Levels of total ammonium (NH,"), nitrite (NO,~) and nitrate
(NO;7), as well as pH were daily monitored to ensure levels within
the recommended ranges for marine species (NH," < 0.05mgL™%
NO,” < 0.5mgL™; NO;™ < 5mgL™"; 7.5 < pH<8). Each diet was
randomly assigned to quadruplicate groups of fish, which were hand
fed until visual apparent satiation, three times daily, 7 days a week, for
116days.

Frontiers in Sustainable Food Systems

Twenty fish from the initial stock, after 48 h fasting period, were
sacrificed by an ice bath and weighed (g). Ten of these fish were
collected and stored at —20°C for whole body composition analysis;
dorsal muscle was collected from another 10 fish, immediately frozen
in dry ice, and stored at —80°C for further analysis of dry matter, lipid
content and FA profile.

After the feeding trial, all fish were sacrificed by an ice bath and
individually weighed (g) for further calculation of growth performance
parameters after 48 h fasting period. Four fish from each tank (16 fish
per dietary treatment) were collected and stored at —20°C for whole
body proximate composition analysis. Other 4 fish from each tank
were sampled to collect the viscera and liver to determine the
viscerosomatic and hepatosomatic indexes (VSI and HSI). The right
dorsal muscle (1g) was collected and immediately frozen in dry ice
and stored at —80°C for analysis of dry matter, lipid content and FA
profile. The left muscle from the same fish was used for pH, water
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Growth trial (116 days)

Fish Sampling

Day 0

Growth Performance Parameters
Whole Body Proximate Composition

J [ Right Dorsal Muscle — Total Lipids and Fatty Acids Profile ]

350 L fiberglass tanks, salinity of 18%o, flow rate at 700 L/h
(200%/h) and 12 h light/12 h dark photoperiod regime

FIGURE 1

) Shelf-life Evaluation "
ABTS, ORAC
| I LrPO
Texture
ALGABLEND Day 3 Day 7 Day 14 Skin and Muscle Color

Schematic representation of the experimental design. Fish were fed with three experimental diets (SARDINE; ALGABLEND and ALGAOIL) for 116 days.
At the end of the trial, fish were sampled for growth performance parameters and whole body proximate composition analysis. The right dorsal muscle
was collected for analysis of dry matter, lipid content and fatty acid profile while the left muscle from the same fish was used for pH, water holding
capacity (WHC), antioxidant capacity, instrumental color, and texture evaluation. Additionally, 12 fish per tank were collected and immediately placed
intact in new polystyrene boxes, covered with ice, for shelf-life evaluation over 14 days. Four fish from each tank were sampled on days 3, 7 and 14 for
muscle evaluation of pH, WHC, antioxidant capacity, instrumental color and texture.

Left Dorsal Muscle — Organoleptic Evaluation

)

holding capacity (WHC), antioxidant capacity, instrumental color,
and texture evaluation. Additionally, 12 fish per tank were collected
and immediately placed intact in new polystyrene boxes, covered with
ice, for shelf-life evaluation over 14 days. Four fish from each tank
were sampled on days 3, 7 and 14 for muscle evaluation of pH, WHC,
antioxidant capacity, instrumental color and texture (Figure 1).

2.4. Proximate composition analysis

The three experimental diets and one pool of 4 fish per tank from
each treatment (n=4) were ground, homogenized and freeze-dried
before being analyzed for ash, protein, lipids and energy. Proximate
composition analyses followed AOAC (2006) methods: dry matter (in
an oven at 105°C for 24 h); ash (incineration in a muffle furnace at
550°C for 6h; Nabertherm L9/11/B170, Bremen, Germany); crude
protein by quantification of nitrogen (N) using a Leco nitrogen
analyzer (Model FP-528; Leco Corporation, St. Joseph, United States)
and conversion (N x 6.25) to equivalent protein; crude fat (petroleum
ether extraction), using a Soxtec extractor (Model ST 2055 Soxtec™;
FOSS, Hillerod, Denmark) and gross energy determined in an
adiabatic bomb calorimetric system (Model Werke C2000, IKA,
Staufen, Germany).

2.5. Lipid content and fatty acid analysis

Total muscle lipids were extracted and quantified gravimetrically
using a Soxtec extractor (Model ST 2055 Soxtec™; FOSS, Hillerod,
Denmark). The FA from experimental diets and muscles were
transmethylated by direct acidic methylation according to Parrish et al.
(2015), with some modifications. Briefly, 1 mgmL™ or 0.5mgmL™" of an
internal standard solution of tricosanoic acid (C23:0; Capillary GC,
purity >99%, Sigma — Aldrich, United States) dissolved in toluene was
added to ingredients, diets and muscle samples. The samples were then
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transmethylated by adding 3 mL of methylation solution prepared with
methanol:dicloromethane:HCL (10:1:1, v/v/v) and heated at 100°C for
1h. After cooling at room temperature, 1.8 mL of extraction solution
n-Hexane:dicloromethane (4:1v/v) and 5mg of BHT were added.
Samples were vortexed and centrifuged at 700g for 5min at room
temperature, and the upper organic layer containing the fatty acid
methyl esters (FAME) was carefully transferred to another tube with 1 g
of anhydrous sodium sulfate. FAME were placed in a new tube heated at
37°C and dried under a stream of nitrogen gas. Finally, FAME were
recovered in 1.5mL of n-hexane and analyzed in a gas chromatograph,
using a Shimadzu Nexis GC-2030 gas chromatograph (Kyoto, Japan)
equipped with a flame-ionization detector (FID) and a Shimadzu
AOC-20i auto-injector. Separation was carried out on an OmegaWax
250 capillary column (30mx0.25mm LD, film thickness 0.25um).
Operating conditions were as follows: split mode, with a split ratio of 1:50
and an injection volume of 1 pL. The injector and detector temperatures
were kept at 250 and 280°C, respectively. A flow rate of 25mLmin™" of
helium as a carrier gas, 40 mL min™" of hydrogen and 400 mL min™" of air
were provided. The column thermal gradient was as follows: initial
temperature 50°C for 2min, which was increased at 50°C min™" to
174°C, hold for 14 min, then increased 2°C min™ to 210°C, hold for
50min. FAME were identified by comparison of retention times with a
known standard mixture (Sigma 47,885-U Supelco 37 Component
FAME Mix, United States) and quantified using the software GC solution
for GC systems (Shimadzu, Kyoto, Japan). FAME contents in ingredients,
diets and muscles were expressed as % of total FAME. The amount of FA
expressed in g 100g™" of edible part, were calculated using an internal
standard (C23:0) as a reference, according to Joseph and Ackman (1992).

2.6. Color and instrumental texture
evaluation

Skin and muscle color measurements were performed
immediately after sampling in fish from day 0, and after storage in ice
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in fish from days 3, 7 and 14 as described by Marques et al. (2022). All
measurements were made at room temperature with a CR-400 chroma
meter (Konica Minolta Inc., Osaka, Japan), with an aperture of 8 mm,
and standard illuminant D65 using the CIE 1976 (L*, lightness; a*,
redness; b*, yellowness). Primarily, the equipment was calibrated with
a white plate reference standard. Color parameters were measured at
three points above the lateral line by applying the colorimeter
to the raw skin and flesh of the 16 fish per dietary treatment.
After flashing, L*, a*, and b* values were recorded. To estimate the
overall changes in color during storage time, Delta E value
(AE=[AL*A2+ Aa*A2 + Ab*A2] A1/2) was calculated based on L*, a*
and b* values determined at day 0 (Oliveira and Balaban, 2006).
Texture profile analysis (TPA) was measured using a TA.XT plus
Texture Analyzer (Stable Micro System, Godalming, UK) equipped
with a 5kg load cell. All measurements were carried out at room
temperature, applying a cylindrical 2.0mm diameter probe. Each

sample was compressed twice (probe speed of 1mms™

; probe
penetration depth of 4 mm; wait time between penetrations of 5s) on
the thickest part, and at three different points of each raw fillet to
obtain an average value for each parameter [hardness (N),
adhesiveness (J), springiness (—), cohesiveness (—), chewiness (J), and
resilience (—)] (Batista et al., 2020). The Exponent software package,
version 6.1.10.0 (Stable Micro Systems, Godalming, United Kingdom),

was used to calculate all parameters.

2.7. pH and WHC

Muscle pH and WHC, two indicators of fillet quality, were
evaluated immediately after fish sampling at day 0, and after storage
in ice for 3, 7 and 14days (16 fish per dietary treatment at each
sampling point). All pH measurements were carried out at room
temperature through a digital flat tip pH electrode for food surfaces
(model HI 14140, Hanna Instruments, Rhode Island, United States).
Muscle pH was measured at three different points of each raw fillet to
obtain an average value by applying the pH probe to the left raw fillet
of the 16 fish per dietary treatment.

For WHC analysis, approximately 1g of raw fillet was placed in
1.5mL tubes with filter paper. The tubes were centrifuged at 1381 g for
4min at 4°C (model 5430R, Eppendorf, New York, United States). The
samples were weighed after centrifugation and dried at 70°C for 12h
(Goes etal., 2015). The dry samples were weighed once more, and the
equation below was used to calculate WHC:

WHC% =

PCSW - DSW <100
Sw

where WHC% = Water-Holding Capacity; ISW =Initial Sample
Weight; PCSW =Post-Centri- fugation Sample Weight; DSW =Dry
Sample Weight.

2.8. Evaluation of total antioxidant capacity
Muscle antioxidant capacity was evaluated as described by Valente

etal. (2015) with minor modifications. Approximately 350 mg of fish
muscle hydrolysates from days 0, 3, 7 and 14 (16 fish per dietary
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treatment at each sampling point) were produced by enzymatic
hydrolysis with pepsin from pork stomach mucosa (Sigma-Aldrich,
Missouri, United States) at an enzyme/substrate ratio of 1:100 (w/w)
for 5h in 0.1 M Glycine-HClI buffer at pH 2.0 and 37°C. After, the
mixture was heated in a boiling water bath at 100°C for 5min to
inactivate enzymatic activity. Samples were centrifuged at maximum
speed for 5min at 4°C and the pH of the supernatant was adjusted to
7.0 with NaOH 1M. All samples were stored at —80°C until
further use.

The antioxidant activity of muscle hydrolysates was determined
by the [2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)] ABTS and peroxyl radical
hydrochloride
AAPH. The ABTS assay was performed according to the protocol

radical scavenging potential of

generated by  2,2’-azobis-(2-amidinopropane)

described by Gongalves et al. (2009). Briefly, the concentration of
ABTS radical was adjusted to an initial absorbance of 0.700+0.02 at
734nm. 20 pL of sample or Trolox was added to 180 uL of the ABTS
solution in a flat-bottom 96-well microplate. The mixture was
incubated for 5min at 30°C, protected from the light, and the
absorbance read at 734 nm. Oxygen-radical absorbance-capacity assay
(ORAC-FL), which measures the radical scavenging potential of the
peroxyl radical generated by AAPH, was performed in flat-bottomed
96-well microplates, following the method described by Déavalos et al.
(2004) with minor modifications. 120 pL of fluorescein solution was
added to 20pL of the sample, and preincubated for 10min at
37°C. AAPH solution (60 pL) was added rapidly using a multichannel
pipette and the fluorescence was recorded every minute for 80 min.
The excitation and emission wavelengths were set at 485 and 528 nm,
respectively. All measurements were performed using a multi-mode
microplate reader (BioTek Synergy™ HTX, Vermont, United States).
For both analyses, Trolox was used as a standard curve and the final
results were expressed as pmoles of Trolox equivalents (TE) per g wet
weight of fish muscle. All the analyses were performed in triplicate.

2.9. Thiobarbituric acid-reactive
substances

Lipid peroxidation (LPO) values of fillet samples from 16 fish per
dietary treatment were determined by measuring the concentration of
thiobarbituric acid-reactive substances (TBARS), mainly composed of
malondialdehyde (MDA) (Charles et al., 2022). Homogenized muscle
samples (300 mg) were mixed with a solution of 12% trichloroacetic
acid, 60mM of Tris-HCI with diethylenetriaminepentaacetic acid
(DTPA) 0.1 mM, and 0.73% of thiobarbituric acid. The mixture was
heated at 100°C for 60 min, cooled with ice, and then centrifuged at
13000 g at 4°C for 5min. The absorbance was measured at 535nm at
25°C with a multi-mode microplate reader (BioTek Synergy™ HTX,
Vermont, United States). The results were expressed as mg of MDA
formed per Kg of fresh tissue.

2.10. Calculations

Growth, feed utilization and somatic parameters were calculated
as follows: Daily growth index (DGI) =100 x [(final body weight) ' -
(initial body weight)'”] / days of the experiment; Final condition
factor (K)=100x (FBW / final body length®); Voluntary feed intake
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(VFI)=100xdry feed intake/average body weight / days of
experiment; Feed conversion ratio (FCR) =dry feed intake / weight
gain; Protein efficiency ratio (PER)=(FBW - IBW) / total protein
intake (g); Hepatosomatic index (HSI) =100 x (liver weight / FBW);
Viscerosomatic index (VSI) = 100 x (weight of viscera / FBW).
Nutrient utilization parameters were calculated as follows:
Protein (P), Lipids (L) or Energy (E) = (FBW x final carcass P, L or
E content) - (IBW x initial carcass P, L or E content / ABW / days
of experiment; P, L or E retention =100 x (FBW x final carcass P, L
or E content — IBW x initial carcass P, L or E content) / (dry feed
intake x P, L or E content in the diet) (Marques et al., 2022).

2.11. Statistical analysis

All statistical analyses were performed using IBM SPSS® Statistics
27.0.1 software (IBM Corporation, New York, United States). Data
were tested for normality and homogeneity of variances by Shapiro-
Wilk and Levene’s tests, respectively, and transformed whenever
required before being submitted to a one-way ANOVA. When this test
showed significance, individual means were compared using HSD
Tukey Test. A two-way ANOVA, with two factors, dietary treatment
and days of storage in ice (0, 3, 7 and 14) was used to compare fish
muscle pH, WHC, antioxidant capacity, LPO, color and texture. In all
cases, the level of significance was set at 0.05.

3. Results
3.1. Ingredients and experimental diets

Table 1 shows the results of the FA profile of all lipid sources
used to formulate the experimental diets. Differences are observed
in all classes of FA, that is, in total SFA, MUFA and PUFA: while
SdO, AO and AF displayed higher percentages of SFA (>26%), SmO
has a higher percentage of MUFA, mainly due to the richness in
oleic acid (C18:1n-9; OA) - 38.7%. PUFA also differed between lipid
sources, ranging from 32.4 in SmO to 69.3% in AO. Within PUFA,
major differences were noticed in the percentages of C18:2n-6
(linoleic acid; LA) and C18:3n-3 (a-linolenic acid; ALA), which
were more than 10x higher in SmO and SyO in comparison to the
other lipid sources. SAO and AO were very rich sources of EPA
(>19% in SdO and > 18% in AO), while AF and AO were highly rich
sources of DHA (> 39% in AF and >42% in AO). It should be noted
that due to the low lipid level of AF biomass (4%), the total amount
of DHA (8.4% DM) is much lower than that found in AO (33.6%
DM). EPA and DHA were both absent in SyO. These differences
were reflected in the sum of EPA and DHA (highest in AO, followed
by AF and SdO), in the DHA/EPA ratio (highest in AF) and in the
n-3/n-6 ratio (highest in AO, followed by AF and SdO).
Subsequently, all experimental diets had different FA profiles
(Table 3). The dietary SFA fraction was similar in all diets (24.1-
24.7% of total FA), with the exception of the ALGAOIL diet showing
the lowest SFA percentage (20.7%). Regarding MUFA, SARDINE
diet exhibited the lowest value (24.2%), followed by ALGABLEND
(33.4%) and ALGAOIL (36.2%). The sum of PUFA was also variable
between experimental diets, with SARDINE having the highest
PUFA value (46.8%), followed by ALGAOIL (40.3%) and
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ALGABLEND (38.1%). As expected EPA was more abundant in
SARDINE and ALGABLEND, mostly due to the high EPA content
of SO included at 9.0 and 6.7% in these diets. A 3.3% dietary
inclusion of AO in ALGAOIL diet and 2% of AF in ALGABLEND
resulted in the highest DHA concentrations of these diets. Such
differences were reflected in DHA/EPA ratio, being higher in
ALGAOIL (1.9) followed by ALGABLEND (0.9) and SARDINE
(0.7). The n-3/n-6 ratio was <1 in SARDINE diet (0.9) and above
1in ALGABLEND (1.7) and ALGAOIL diet (1.4). All experimental
diets had similar percentages of EPA + DHA (15.4 to 16.1% total FA),
corresponding to approximately 2.4 g of EPA + DHA per 100g of dry
matter (DM).

3.2. Growth performance, whole body
composition and nutrient utilization

All diets were equally well accepted by European sea bass,
resulting in similar voluntary feed intake (VFI) and feed conversion
ratio (FCR) for all dietary treatments. At the end of the trial, all fish
increased their initial body weight by more than double, and no
significant differences were observed for final body weight (158.2-
167.2 g), daily growth index or condition factor (Table 4). Likewise,
HSI and VSI were not significantly affected among dietary treatments
(HSI 1.2-1.4% and VSI 7.7-8.1%) (Table 4). The final whole body
proximal composition did not differ with the experimental diets. In
addition, both nutrient and energy gain, and nutrient retention
(protein, lipids and energy) remained similar among groups regardless
of the dietary lipid sources tested (Table 4).

3.3. Muscle lipid content and fatty acid
profile

All fish increased muscle total lipid content from the beginning to
the end of the trial, and the final percentage of lipids in muscle weight
was not significantly altered by the replacement of SdO with
alternative marine lipid sources, ranging between 4.5 and 5.3%
(Table 5). However, muscle FA profile was deeply affected by the lipid
sources used, namely SFA, MUFA and PUFA due to the differences in
the FA composition in of each source (Table 5). SFAs relative levels
decreased in muscle of fish fed ALGAOIL; MUFA increased in fish fed
ALGABLEND and ALGAOIL in comparison with SARDINE fed fish,
mainly due to decreased concentration of C18:1 n-9 (oleic acid; OA).
Contrarily, the PUFA relative levels in SARDINE fed fish increased
significantly compared with those fed ALGABLEND diet, mainly due
to the higher concentration of C18:2 n-6 (linoleic acid; LA) in
SARDINE diet, resulting in the highest muscle n-6 PUFA in those fish.
Although n-3 PUFA muscle levels remained similar among dietary
treatments (values ranged between 20 to 21.6%), the muscle EPA
abundance was highest in the SARDINE fed fish (7.2% total FA),
followed by the ALGABLEND diet (6.5% total FA) and ALGAOIL
diets (4.6% total FA). On the contrary, the highest percentage of DHA
was observed in fish fed the ALGAOIL diet (12% total FA) compared
to the remaining diets that did not reach 10%. Nevertheless, the
muscle fresh weight content of EPA+DHA did not vary among
dietary treatments, and all fillets contained more than 0.62g of
EPA +DHA per 100g of wet weight.
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TABLE 4 Growth performance, somatic indexes, whole-body composition and macro-nutrients gain and retention of European sea bass fed

experimental diets.

SARDINE ALGABLEND ALGAOIL p value
Growth performance
Initial body weight (g, IBW) 70.4+15.4 70.3+15.1 70.2+15.3 0.883
Final body weight (g, FBW) 167.2+37.1 166.0+£40.9 158.2£36.5 0.533
Daily Growth Index (DGI) 1.80£0.1 1.78+0.3 1.68+0.2 0.572
Final Condition Factor (K) 1.2+£0.01 1.3+£0.01 1.2+0.01 0.086
Voluntary Feed Intake (VFI) 1.4+0.04 1.4+0.03 1.4+0.04 0.086
Feed conversion ratio (FCR) 1.3+0.04 1.4+0.2 1.4+0.1 0.690
Protein Efficiency Ratio (PER) 1.4+0.04 1.4+0.2 1.4+0.1 0.588
Somatic Indexes (%)
Hepatosomatic index (HSI) 1.2+0.3 1.4+0.3 1.2+0.3 0.520
Viscerosomatic index (VSI) 7.7+£0.7 8.1+1.7 7.7+£1.2 0.404
Whole body Composition (% WW)
Moisture 62.8+0.6 62.6+0.4 62.6+1.3 0.937
Protein 17.0£0.3 16.8+0.4 17.0£0.2 0.484
Lipids 17.0+1.1 17.2+0.7 17.3+1.7 0.956
Energy kJ/g 10.1+0.3 9.940.2 10.2+0.5 0.479
Ash 3.0+0.1 32+02 3.1+0.1 0.048
Nutrients gain (g or kJ/ kg ABW /day)
Protein 1.9+0.1 1.8+0.2 1.8+0.1 0.504
Lipids 2.0+0.2 2.0+0.2 1.9+0.4 0.964
Energy 114.8%6.6 109.0£11.8 109.8+£15.2 0.758
Nutrients retention (% intake)
Protein 29.8+1.0 289+3.0 29.1+2.9 0.407
Lipids 351+14 32.8+3.8 333+1.0 0.941
Energy 37.2+3.6 36.2+4.0 36.5+5.1 0.883

Initial and final body weight are presented as mean + standard deviation (n =144); Hepatosomatic and Viscerosomatic index are presented as mean + standard deviation (n=48); The remaining

values are presented as mean + standard deviation (n=4); Different superscript letters represent significant differences p <0.05. Initial body composition: Moisture, 64.8%; Protein, 16.2% wet

weight (WW); Lipids, 14.8% WW; Energy, 9.3k] g™' WW; Ash, 3.5% WW.

3.4. pH and water holding capacity

No statistical differences (p>0.05) between dietary treatments were
found for the pH and WHC parameters in European sea bass muscle
(Figure 2). Likewise, no statistical differences were observed for the
interaction between the dietary treatment and storage time. However,
a gradual increase in pH was observed over time of storage in ice for all
dietary treatments, with significant differences between storage days:
PHao < pHgs < pHais. WHC decreased with storage time, with significant
differences between days 3 and 14, which exhibit lower values.

3.5. Antioxidant capacity and lipid
peroxidation

Regardless of the dietary treatments, ABTS significantly decreased
after day 0, presenting differences between day 0 and the remaining
days: ABTS0 > (ABTSg;=ABTSy;=ABTSy,,) (Figure 3A). No statistical
differences were found for ORAC assay in European sea bass muscle
antioxidant capacity between diets or time of storage (Figure 3B).
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Muscle lipid peroxidation (LPO), varied with storage time: LPO values
remained constant up to 3days of storage in ice, but decreased
significantly afterwards ([LPOg=LPOgy;] > [LPOg;=LPOgy,]).

3.6. Muscle texture and color

No statistical differences were observed between dietary
treatments for muscle textural parameters, with the exception of
springiness that overall was highest in SARDINE fed fish and lowest
for ALGABLEND fed fish. No significant interaction was observed
between diet and storage time for any textural parameter (p>0.05).
But all textural parameters, with the exception of resilience and
springiness, suffered significant alterations during the 14days of
storage in ice. Hardness slightly increased from slaughter (day 0) up
to day 3, which exhibited the highest value, and decreased afterwards
(Figure 4 and Supplementary Table S1). Adhesiveness increased from
the lowest value on day 0, to the highest value on day 14. The muscle
cohesiveness and chewiness decreased significantly and steadily
over time.
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TABLE 5 Muscle total lipid content and fatty acid composition of the European sea bass fed experimental diets.

Initial SARDINE ALGABLEND ALGAOIL

Lipids (%) 29 53+14 4.8+1.2 4.5+1.5 0.783
Fatty acid (%total fatty acids)

C14:0 1.8 2.8+0.2" 3.1+0.2° 1.7£0.1¢ <0.001
C16:0 17.4 17.9+0.4* 17.6+0.2® 17.0+0.4° 0.013
C18:0 4.1 3.7+0.1* 3.5+0.04* 3.3+0.3° 0.037
TSFA! 242 252+0.2* 25.1£0.2° 22.8+0.5" <0.001
Cl16:1 n-7 33 4.7+0.1° 4.7+0.2° 3.0+0.2° <0.001
C18:1 n-9 (OA) 26.6 22.0+1.3" 26.2+0.2* 28.3+1.4" <0.001
C18:1n-7 23 2.4+0.03" 2.6+0.02* 2.3+0.03¢ <0.001
C20:1 n-9 1.6 1.1+0.03¢ 1.6+0.04° 1.8+0.1* <0.001
IMUFA? 353 31.2+1.3" 36.3+0.7* 36.8+1.7¢ <0.001
C18:2 n-6 (LA) 14.0 16.5+£0.8* 10.8£0.3¢ 12.6+0.4° <0.001
C18:3 n-3 (ALA) 2.0 1.9+0.1¢ 2.2+0.1° 2.7+0.2* <0.001
C18:4 n-3 0.6 0.9+0.1* 0.9+0.04* 0.5+0.02° <0.001
C20:4 n-6 1.2 0.9+0.1 0.9+0.1 1.0£0.1 0.042*
C20:5 n-3 (EPA) 4.6 7.2+0.3* 6.5+0.1° 4.6+0.2° <0.001
C22:5n-3 1.0 1.1+£0.03 1.1+£0.03 1.1+£0.1 0.153
C22:6 n-3 (DHA) 11.1 8.5+0.8" 9.3+0.8" 12.0£1.1* <0.001
2 n-3¢ 19.8 20.0+0.9 20.6+£0.9 21.6+1.4 0.147
% n-6* 16.3 18.4+0.8° 12.7 £0.4¢ 14.7+0.6° <0.001
¥n-3/Zn-6 1.2 1.1+0.1¢ 1.6+0.02° 1.5+0.1° <0.001
EPA + DHA 15.7 15.7+£0.9 15.8+£0.8 16.7+1.3 0.360
DHA/EPA 24 1.2+0.1¢ 1.4+0.1° 2.6+0.1° <0.001
TPUFA® 36.5 39.5+1.5* 34.3+1.3° 36.6+1.7% 0.003
Fatty acids (%WW)

C20:5 n3 (EPA) 0.11 0.31+0.05* 0.26+0.04* 0.19+0.05" 0.022
C22:6 n3 (DHA) 0.27 0.35+0.04 0.36+0.04 0.47+0.11 0.102
EPA +DHA 0.38 0.67+0.09 0.62+0.09 0.65+0.17 0.854

Values are presented as mean + standard deviation (1 =4); Different superscript letters represent significant differences p <0.05. *No differences after Bonferroni test. 'X SFA, sum of saturated
fatty acids, includes C10:0, C12:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:0; >~ MUFA, sum of monounsaturated fatty acids, includes: C14:1, C16:1, C17:1, C18:1n-7, C18:1n-9,
C20:1n-9, C22:1n-9, C22:1n-11, C24:1n-9; *°T n-3, sum of n-3 PUFA, includes:C18:3n-3, C18:4n-3, C20:3n-3, C20:4n-3, C20:5n-3, C22:5n-3, C22:6n-3; *X n-6, sum of n-6 PUFA, includes:
C18:2n-6, C18:3n-6, C20:2n-6, C20:3n-6, C20:4n-6; °X PUFA, sum of polyunsaturated fatty acids, includes C16:2n-4, C16:3n-4, C16:4n-1, C18:2n-6, C18:3n-6, C18:3n-3, C18:4n-3, C20:2n-6,

C20:3n-6, C20:4n-6, C20:3n-3, C20:4n-3, C20:5n-3, C22:5n-3, C22:6n-3.

No significant differences were observed in European sea bass
skin and muscle color among dietary treatments (Table 6). Likewise,
no statistical differences were observed for the interaction between
the dietary treatment and storage time, but storage time impacted
the muscle color significantly. Lightness (L*) increased in skin from
day 0 to day 7, and in muscle from day 0 to day 14. In the skin, a*
values (toward red color) decreased in European sea bass after
7 days, but significantly increased at day 14; in muscle, a* values
significantly decreased throughout storage time. Yellowness (b*)
was also significantly affected by storage time, decreasing
throughout time in European seabass skin while it decreased in
muscle up to 7 days, but significantly increased at day 14. The AE
values exhibited significant differences between the different days,
as indicated in Table 6. Both skin and muscle color demonstrated
an increase from day 0 to day 14 (AE < [AEg; = AE4] < AEq]).
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4. Discussion

The search for alternatives to FO that promote circular economy
ensuring good fish growth and high nutritional and sensorial value
has been the focus of much research. Particular attention has been
centered on the importance of fish and fish products as sources of
bioactive n-3 LC-PUFA in human nutrition (Santigosa et al., 2020,
2021). The perception that fish consumption and a healthy lifestyle are
intrinsically related, especially in the prevention of heart disease and
reduction of inflammatory disorders, has instigated public interest in
the nutritional value of n-3 LC-PUFA, particularly in EPA and DHA
(Mourente and Bell, 2006; Yagi et al., 2017). In the present study, the
feasibility of replacing SAO by different combinations of alternative
marine lipid ingredients as sources of EPA and DHA was demonstrated
by the trials set for European sea bass.
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FIGURE 2
pH and Water Holding Capacity of fillets. pH and Water Holding Capacity (WHC%) in sea bass fillets submitted to different storage times inice (0, 3, 7
and 14 days). Different lowercase letters indicate significant differences (p < 0.05) between days regardless of the dietary treatment. Values are
presented as mean + standard deviation (n = 16).

At the end of the trial, all the experimental diets equally
contributed to the growth performance and feed efficiency of
European sea bass when compared to the control diet - SARDINE,
which contained 9.0% of SdO and 4.4% SyO. Our data suggest that
partial (ALGABLEND diet) or total replacement of SdO (ALGAOIL
diet) with alternative marine ingredients rich in n-3 LC-PUFA has no
adverse effects on growth parameters, as previously reported in other
species (Betancor et al., 2016a,b; Santigosa et al., 2020). These results
may be attributed to the high and comparable dietary content of
EPA + DHA (2.4-2.5% DM) in all experimental diets. Marques et al.
(2022) have also demonstrated promising results in terms of feed
efficiency and growth performance of European sea bass fed diets
containing only 5.5% of FO, but with an EPA + DHA dietary content
ranging between 2.0-2.3% DM. Furthermore, in the present study, all
experimental diets had a DHA/EPA ratio between 0.7 and 1.9, which
falls within the recommended range of values (0.5-2.0) required for
normal growth and development of marine fish species (NRC, 2011).
These results may apparently be in contrast with some studies
reporting fish growth impairment when VO was used instead of FO
(Vilhelmsson et al., 2004; Benedito-Palos et al., 2007; Yilmaz et al.,
2016), possibly due to the ability of AO and algae biomass to
compensate dietary deficiencies, specifically the lack of EPA and DHA
observed in VO (Santigosa et al., 2020, 2021).

The present results showed that the somatic indexes (HSI and
VSI), whole body composition, or nutrient utilization of European sea
bass remained unaffected by the dietary treatments. These findings
demonstrate that it is possible to partially or totally replace SAO with
alternative sources if n-3 LC-PUFA levels are provided in the diet.
Similar results were observed in Atlantic salmon fed with algal oils.
Wei et al. (2021) reported no significant impact on somatic indexes
when using Schizochytrium oil, while Kousoulaki et al. (2022) showed
comparable results when FO was replaced by AO.
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The use of vegetable ingredients in aquafeeds is a subject of
concern due to their impact on the muscle FA profile, according to
numerous studies ([zquierdo et al., 2003, 2005; Bell et al., 2004).
For instance, when alternative lipid sources without n-3 LC-PUFA
were used in trout feeds, EPA and DHA levels in the fillets were
found to decrease by approximately 50% (Santigosa et al., 2020).
Montero et al. (2005) observed a reduction of up to 55% of EPA
and DHA concentrations in European sea bass muscle when 60%
of FO was replaced by VO poor in n-3 LC- PUFA such as EPA and
DHA. This poses a major concern for consumers as the lower
nutritional quality of the final product can impact the health
benefits associated with seafood consumption (Santigosa et al.,
2020). In this study, we demonstrated that the incorporation of
microalgae biomass or AO is a successful strategy for mitigating
the potential reduction of fillet nutritional value caused by
decreasing FO in diets for European sea bass. Even when the diet
was partially or entirely devoid of FO from forage fish (SdO), fish
fed with the alternative diets still met the required EPA + DHA
levels that are associated with health benefits. Most health
organizations agree that 0.25 g per day of combined EPA and DHA
(Intake Recommendations - IRs) is enough for adults to maintain
their overall health (FAO, 2010; EFSA, 2012). However, a higher
EPA and DHA intake has been recommended for pregnant and
lactating women in order to improve brain development of the
fetus and breastfed infants (0.2 g DHA plus the daily recommended
0.25g per day of EPA + DHA) (EFSA, 2012). In our study, all tested
diets, even the one totally lacking FO (ALGAOIL diet), were
effective in providing fillets with EPA + DHA ranging between 0.62
and 0.65 g per 100 g of fresh weight. Additionally, the utilization of
alternative sources such as microalgae can enhance the ratio of n-3
to n-6 PUFA as observed in this study (£ n-3/ X n-6: SARDINE -
1.1; ALGABLEND - 1.6; ALGAOIL - 1.5). This, in turn, reduces
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Diet Effects on antioxidant potential and lipid peroxidation of sea bass fillets. ABTS radical scavenging activity (A), ORAC - Oxygen Radical Absorbance
Capacity (B) and LPO- lipid peroxidation (C) in sea bass fillets submitted to different storage times in ice (0, 3, 7 and 14 days). Different lowercase letters
indicate significant differences (p < 0.05) between days regardless the dietary treatment. Muscle lipid peroxidation is in mg MDA/kg muscle, while ABTS/
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inflammation since n-6 PUFA serves as a precursor to
pro-inflammatory molecules, whereas eicosanoids derived from
n-3 PUFA have opposing effects. These findings underscore the
significance of maintaining a balanced n-3/n-6 ratio for disease
prevention, including cardiovascular diseases and cancer (Bagga
etal., 1997; Remize et al., 2021; Carr et al., 2023). These results also
point out the possibility of formulating aquafeeds with alternative
sources, greatly reducing the use of FO from forage fish, and
without having to rely on VO which directly compete with its
utilization for farmed animals and human consumption (from
industrially farmed crops) (Sarker et al., 2016).
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Supplementation of aquafeeds with micro and macro algae has
shown health associated benefits, acting as antioxidants and
immunostimulants, improving fish resistance to diseases. Additionally,
algal compounds are able to counteract the oxidative damage by free
radicals and serve as potential additives for preventing quality
deterioration or retaining the quality of fish and fish products during
the shelf life period (Ferreira et al, 2021). Although in the present
study algae inclusion in diets did not reveal any antioxidant benefits
in European sea bass muscle, significant differences were identified
during storage time. Namely, the antioxidant potential measured
through the scavenging potential of ABTS was higher in fish at day 0
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FIGURE 4
Diet effects on Muscle textural properties (TPA) throughout 14 days of storage in ice of the European sea bass. (A) Hardness (Newton); (B) Adhesiveness
(Joule); (C) Springiness; (D) Cohesiveness; (E) Chewiness (Joule); (F) Resilience. Different lowercase letters indicate significant differences (p < 0.05)
between days regardless the dietary treatments, while uppercase letters indicate significant differences between diets. No statistical differences were
observed for the interaction between dietary treatments and storage time. Values are presented as mean + standard deviation (n = 16).

irrespective of the dietary treatments. Likewise, LPO presented a
significant decrease between the first three days and the remaining
days of storage. Fish products rich in n-3 LC-PUFA may have health-
promoting effects for the consumer, but they are prone to decompose
during storage time, leading to seafood rancidity and unwanted odors
(Jo etal,, 2022). Microalgae incorporation in aquafeeds has shown to
prevent LPO in seafood (Takyar et al., 2019; Tavakoli et al., 2022), but
in the present study, all experimental diets equally contributed to LPO
evolution throughout the 14 days of storage in ice. However, oxidative
rancidity, generally associated with MDA levels, was inferior to 0.7 mg
of MDA/kg in all European sea bass fillets. According to Tagkaya and
Yagar (2018) fish is considered in good condition when TBAR
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concentration is between 3 and 5mg of MDA/kg of fillet. This
indicates that in our study, European sea bass was in excellent
condition for human consumption throughout the 14days of
storage time.

Opverall, the present study demonstrated that, FO replacement by
marine n-3 LC-PUFA rich sources (SmO, AO and a blend of micro
and macroalgae) did not significantly alter the quality traits of
European sea bass during storage time. For all experimental diets, pH,
one of the important parameters to judge the quality of aquatic
products, showed a very high post-mortem value (>6.0) and an
upward trend during storage in ice, which is consistent with previous
reports (Li et al,, 2021). Such increased fillet pH may be due to the
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TABLE 6 Skin and muscle color throughout 14 days of storage in ice of the European sea bass fed experimental diets.

Storage on ice p value
Day 3 Day 7 DE)Y Diet x Day
Skin color
SARDINE 56.31+11.46° 61.43+6.12° 66.17+4.70 56.11+£9.73%®
L¥ ALGABLEND 54.25+15.98 59.68+£5.70 62.37+£8.07 55.41+8.24 0.260 <0.001 0.101
ALGAOIL 52.03+11.68 63.44+6.74 58.39+12.11 57.65+9.08
SARDINE —0.70+0.44° -0.67+0.31° —1.11+0.38° —0.46+0.52°
a* ALGABLEND —0.79+0.43 —0.65+0.17 —-1.49+0.46 —0.45+0.74 0.086 <0.001 0.424
ALGAOIL —0.72+0.44 —0.96+0.50 -1.3240.55 —0.55+0.49
SARDINE 7.98+2.08° 7.03+1.39° 6.76+£2.12° 3.35+3.16°
b ALGABLEND 9.48+0.91 6.78+1.71 5.27+1.69 3.31+3.76 0.178 <0.001 0.251
ALGAOIL 7.48+2.24 6.46+1.94 4.19+2.62 3.75+3.34
SARDINE 0° 10.23+£5.94° 8.76+4.74° 13.92+7.60°
AE ALGABLEND 0 8.07+4.87 7.73+4.37 10.84+7.14 0.200 <0.001 0.061
ALGAOIL 0 10.92+8.34 17.49+11.15 16.81+7.60
Muscle color
SARDINE 37.95+1.30° 41.03+1.92° 41.59+1.72° 48.04+9.99°
L* ALGABLEND 38.44+1.57 40.85+1.83 41.85+2.19 51.32+11.89 0.121 <0.001 0.882
ALGAOIL 39.59+1.29 42.15+3.02 42.11+1.73 52.74+12.11
SARDINE 0.46+0.50° 0.17+0.38" —0.20+0.57° —0.37 £0.49°
a* ALGABLEND 0.47+0.86 0.15+0.59 —-0.18+0.48 —0.36+0.49 0.972 <0.001 1
ALGAOIL 0.52+0.47 0.16+0.39 —0.18+0.40 —0.42+0.54
SARDINE —0.49+0.92° —-1.95+1.30° —2.61+0.81° 2.04+4.25'
b* ALGABLEND —0.46+1.15 —1.92+1.09 —2.86+0.51 2.61+4.23 0.946 <0.001 0.901
ALGAOIL —0.61+1.04 —1.23+1.56 —3.42+0.27 2.66+3.73
SARDINE 0 4.02+1.94° 4.66+2.17° 10.43+£9.37°
AE ALGABLEND 0 3.75+1.96 471+1.19 14.08+10.88 0.787 <0.001 0.893
ALGAOIL 0 453+3.18 3.94+1.39 12.51+10.96

Values are presented as mean + standard deviation (1 =16); superscript lowercase letters indicate significant differences between days (p <0.05).

accumulation of volatile bases such as ammonia and trimethylamine
from the action of microorganisms and endogenous enzymes. On the
other hand, WHC showed a decreasing trend with increased time of
storage, irrespective of the diets. Ornek et al. (2021) also observed that
FO replacement by VO (0, 50 and 100%) in rainbow trout lead to a
decrease in WHC over storage time in all experimental diets,
indicating muscle protein denaturation (Chan et al., 2022). Besides
chemical characteristics, sensory properties such as color and texture
are important factors that influence consumer choices. During storage
time, skin and muscle color were not impacted by the experimental
diets tested in this study. In addition to color, the texture is one of the
most important quality attributes, which is dependent on several
parameters such as hardness, adhesiveness, cohesiveness, springiness,
chewiness and resilience (Hyldig and Nielsen, 2001). In the present
study, we observed that FO could be replaced by different
combinations of lipid sources without major differences in textural
parameters throughout the 14days of storage in ice, except a
significant increase in springiness on fish fed the SARDINE diet.
These results on the effect of diets on textural parameters may
be expected since no changes on growth or total lipid content in
muscles were found, which are known to affect texture properties
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(Olafsdottir et al., 2004; Liang et al., 2017). However, further studies
are recommended, such as sensory analysis of cooked European sea
bass fillets, to better understand the true impact of alternative marine
lipid sources on sensory properties and consumer preferences.

5. Conclusion

This study demonstrated that European sea bass fed with reduced
or no forage fishery resources-derived FO - specifically SdO - and
supplemented with alternative marine n-3 LC-PUFA rich sources such
as SmO, AO and a blend of micro- and macroalgae attained similar
growth performance, somatic indexes and whole body composition as
fish fed with a practical diet (SARDINE). After 116 days of feeding with
the different experimental diets, no significant differences were
observed in EPA+DHA levels in fish muscle between dietary
treatments, resulting in levels (> 0.62g 100g™") that are above those
recommended by the European Food Safety Authority to prevent the
risk of cardiovascular accident in European adults. Moreover, the
dietary treatments did not affect the organoleptic and freshness
properties of the fish muscle during the 14 days of cold storage in ice,
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indicating successful FO replacement. Overall, the present study
showed that combining high-priced sources of n-3 LC-PUFA
(Veramaris® and Algaessence Feed™) with a more affordable oil
(SmO) allowed the fortification of European sea bass muscle in EPA
and DHA using alternative sources to the traditional FO in aquafeeds
while ensuring fish freshness, nutritional quality, and consumers’ health.
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