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Introduction

In order to ensure lipid quality of cultured fish and an environmentally sustainable production, new alternative sources of EPA and DHA are needed to replace traditional lipid sources, such as fish oil.





Methods

Different combinations of alternative marine lipid sources rich in n-3 LC-PUFA available in the market were herein evaluated to replace traditional fish oil (sardine oil) in diets for European sea bass (Dicentrarchus labrax). A commercial-type diet (CTRL), containing 1.6% of EPA + DHA, 5% sardine oil and 8% rapeseed oil was used as a negative control. Another diet (SARDINE) formulated with 8.5% sardine oil, 4.5% rapeseed oil and 2.5% EPA + DHA was used as the positive control. Three experimental diets were formulated to completely replace sardine oil with alternative sources, targeting approximately the same EPA + DHA level as the positive control: the SALMON diet contained 9.9% salmon by-product oil mixed with 3.1% of an algal oil rich in EPA and DHA, while the ALGARAPE and the ALGASOY diets included 4.4% of the algal oil and 8.6% of either rapeseed or soybean oil, respectively. A sixth diet (ALGABLEND) was formulated to partially replace sardine oil with salmon by-product oil and rapeseed oil, balanced with 2% of algae biomass. The experimental diets were hand-fed to 118 g fish for 54 days. 





Results

All diets were well-accepted by fish and no significant differences were found in feed efficiency, growth performance, somatic indexes or whole body composition among treatments. At the end of the trial, regardless the dietary EPA + DHA level, all fillets contained more than 250 mg of EPA + DHA per 100 g fresh  weight, meeting EFSA recommendations for cardiovascular risk prevention for European adults (> 250 mg day -1).  





Discussion

Overall, this study demonstrated that combining expensive sources of n-3 LC PUFA (Veramaris® or Algaessence Feed™ with low-priced sustainable oils (salmon by-products oil or vegetable oils) allows fortifying European sea bass flesh with EPA and DHA, without major textural changes. This approach is a successful strategy for mitigating the negative effects associated with the high inclusion of vegetable oils. However, the retention of n-3 LC-PUFA in muscle was not significantly increased, suggesting that there is a maximum dietary threshold beyond which β-oxidation might be promoted, and hence there is no advantage in increasing the dietary level of these fatty acids in European sea bass diets.
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Introduction

Fish is a rich source of high-quality protein and micronutrients, such as vitamins A, B12 and D, as well as minerals like iodine and selenium. It is also one of the few sources of omega-3 long-chain polyunsaturated fatty acids (n-3 LC-PUFA) for human consumption (Xu et al., 2020). Omega-3 LC-PUFA, particularly eicosapentaenoic acid (C20:5n-3, EPA) and docosahexaenoic acid (C22:6n-3, DHA), play an important role in neural system development and help reduce the risk of chronic pathologies, such as cardiovascular diseases, diabetes and obesity in humans (Li et al., 2020). Dietary recommendations for daily intake of EPA and DHA to prevent the risk of cardiovascular accidents in European adults are between 250 and 500 mg per day, according to the European Food Safety Authority (EFSA, 2012).

Aquaculture contributes to nearly half of global fish consumption (FAO, 2022), being a major source of EPA and DHA for the burgeoning human population. However, most marine fish have limited ability to convert short-chain (C18) polyunsaturated fatty acids (PUFA) into LC-PUFA (C20-22) (Monroig et al., 2018). As a result, fish farming is dependent on the dietary supply of n-3 LC-PUFA, which is traditionally obtained from fish oil (FO) and fish meal (FM) (Tocher et al., 2019). The dependence on small pelagic stocks to support aquaculture growth compromises environmental sustainability and adds increasing pressure on fishery resources, which risk being overexploited if not well managed (Naylor et al., 2021; FAO, 2022). Therefore, finding alternative sources of EPA and DHA for aquafeeds is imperative to ensure an adequate, sustainable and secure supply of raw-materials for future formulations.

The partial or total FO replacement by vegetable oils (VO) in fish diets has been thoroughly evaluated (Turchini et al., 2010; Torrecillas et al., 2017). Many studies have shown that it is feasible to partially replace FO by VO in diets for both freshwater and marine fish species without affecting feed utilization and growth (Turchini et al., 2009; Dikel et al., 2013; Pereira et al., 2019). However, others studies have reported negative effects on fish health and fillet nutritional value due to the low levels of n-3 LC-PUFA and the imbalance of n-3 PUFA to n-6 PUFA (Glencross, 2009; Nasopoulou and Zabetakis, 2012). In European sea bass (Dicentrarchus labrax), soybean (rich in linoleic acid C18:2n-6 (LA); 57% of total fatty acids) and rapeseed oil (rich in oleic acid C18:1n-9 (OA); 54% of total fatty acids), two highly available alternative lipid sources, have been used up to a 60% FO replacement without compromising growth (Izquierdo et al., 2003), but decreasing n-3 LC-PUFA levels in the fillet of commercial-sized fish (Izquierdo et al., 2005; Mourente and Bell, 2006). Such negative effects on final product quality may limit the benefits of fish consumption. While considerable efforts have been carried out to mitigate the negative impacts of replacing FO by VO in aquafeeds (Mourente and Bell, 2006; Turchini et al., 2010), some studies have identified a range of alternative EPA and DHA sources with the potential to improve aquafeeds (Tocher, 2015; Tocher et al., 2019; Santigosa et al., 2020; Santigosa et al., 2021; Kousoulaki et al., 2022).

The pressure to use local resources and adopt a circular economy strategy can increase the supply of marine FO and strongly contribute to a reduction of its carbon footprint (Naylor et al., 2009; Klinger and Naylor, 2012; Campos et al., 2020). In fact, recycling activities such as producing FO from fish waste or by-products of the processing industry are projected to ramp up in the coming years (FAO, 2022). According to FAO (2022), the global production of Atlantic salmon (Salmo salar) in 2020 was 2.71 million tons, accounting for 32.6% of finfish in marine and coastal aquaculture. Slaughter-sized Atlantic salmon contains about 45% of its lipids in the fillet whereas the other 55% are present in the inedible portions (Ytrestøyl et al., 2011). These by-products can be used to generate added-value products such as salmon oil and could, hence, be a valuable source of n-3 LC-PUFA for aquafeeds (Ytrestøyl et al., 2011; Deepika et al., 2014).

Although the use of existing n-3 LC-PUFA sources should be considered (Tocher, 2015), it has been recently defended that recycling cannot be the only solution to ensure the supply of EPA and DHA (Tocher et al., 2019). Algal biomass and algal oils have just emerged as an alternative to FO and VO with promising results in several fish species (Miller et al., 2007; Kiron et al., 2012; Santigosa et al., 2020; Santigosa et al., 2021). Ferreira et al. (2021) have characterized the nutritional value of four commercially available micro- and macroalgae (Nannochloropsis sp., Chlorella sp., Gracilaria sp. and Ulva sp.) and a blend of the four algae species (Algaessence Feed™), reporting approximately 6% of lipids (as % dry matter, DM) in Nannochloropsis sp. and Chlorella sp., over 19 mg g-1 of EPA in Nannochloropsis sp. and approx. 5 mg g-1 of EPA in Algaessence Feed™, but none of the algae contained DHA. Other algae species (i.e. Schizochytrium and Crypthecodinium sp.) rich in DHA (30-40% of total FA) are available in the market (Adarme-Vega et al., 2012), and selected strains have been used for the production of valuable alga oils. Ferreira et al. (2022) observed an efficient accumulation of EPA+DHA in the muscle of gilthead seabream (Sparus aurata) fed a diet that included a blend of microalgae (including DHA-rich Schizochytrium sp.) to replace 33% FM. The use of a DHA and EPA rich oil obtained from Schizochytrium in FO-free diets has shown good growth and an efficient deposition of EPA and DHA in the muscle of gilthead seabream (at a 3.5% inclusion level, Santigosa et al., 2021) and rainbow trout (Oncorhynchus mykiss) (at a 5% inclusion level, Santigosa et al., 2020). Despite the encouraging results, the use of such algal oils to fully replace FO and restock the high levels of n-3 LC-PUFA of a FO-free diet is not yet economically viable (Naylor et al., 2021). Therefore, the use of multiple cost-effective lipid sources to avoid possible negative impacts of single ingredients, and maximize each ingredient’s contribution to the aquafeed nutritional balance has been envisaged (Chauton et al., 2015; Zhang et al., 2019).

In this context, this study aimed to identify the best combination of alternative lipid sources rich in LC-PUFA and currently available in the market, to replace sardine oil in diets for European sea bass, but maintaining growth performance, nutrient utilization, and flesh quality for human consumption.





Materials and methods




Ingredients and experimental diets

Commercially available salmon by-product oil (SmO; Sopropêche, France), algae oil (AO; Veramaris®, Evonik, NE, USA) and Algaessence Feed™ (AF; ALGAplus Lda., Portugal), a blend of macro and microalgae species (Gracilaria sp., Nanochloropsis sp. and Shizochitrium sp.) were selected based on their n-3 LC-PUFA richness and economic feasibility to replace sardine oil (SdO), ensuring high EPA and DHA levels. The fatty acid profile of lipid sources is presented in Table 1 and described in the next section. Based on the nutritional requirements of European sea bass (NRC, 2011), six isonitrogenous (51% DM), isolipidic (18% DM) and isoenergetic (23 kJ g−1 DM) diets were formulated with moderate levels of marine-protein ingredients (15% FM and 3.5% hydrolyzed fish protein), but differing in the oil sources (Table 2). A commercially-based diet was used as a negative control (CTRL): it provided 1.6% of EPA+DHA and included 5% SdO and 8% rapeseed oil (RO). A positive control diet (SARDINE), with 8.5% SdO and 4.5% RO, providing 2.5% of EPA+DHA was also tested. This diet implied a 6% increase in price compared to the CTRL. Three other diets were formulated to totally replace sardine oil by the selected alternative sources, targeting approximately the same EPA+DHA levels as the positive control. In the SALMON diet, 9.9% SmO and 3.1% AO were used, whereas in ALGARAPE and ALGASOY diets 4.4% AO and 8.6% of either RO or soybean oil (SyO) were included. These diets totally replaced sardine oil with a 16-17% increase in price compared to the CTRL. The last diet ALGABLEND was formulated to partially replace the SdO included in the positive control by 7.9% SdO and 4.7% RO balanced with 2% of AF biomass. This diet also targeted the same EPA+DHA level as in the positive control and explored the functionality of the algae biomass, but the drawback was a 41% price increase.


Table 1 | Fatty acid profile of lipid sources.




Table 2 | Ingredients and chemical composition of experimental diets.



All diets were supplemented with mono-calcium phosphate, L-lysine and DL-methionine, and were extruded and produced by SPAROS Lda. (Olhão, Portugal). Proximate composition and fatty acid profile of the experimental diets are presented in Tables 2 and 3, respectively.


Table 3 | Fatty acid composition of the experimental diets.







Lipid sources and diets fatty acid profile

The FA profile of all selected lipid sources is presented in Table 1. Major differences were found in total SFA and MUFA: while SdO, AO and AF displayed higher percentages of SFA (>28%), RO, SmO and SyO had higher levels of MUFA, which resulted from a high percentage of oleic acid (C18:1n-9) ranging from 25.4 to 60.3% in these oils. The sum of PUFA also varied between lipid sources, ranging from 27.4 to 63.8%. AO had the highest PUFA sum, followed by SyO and SdO. Within PUFA, major differences were found in the level of both LA and α-linolenic acid (C18:3n-3, ALA), which were more than 10 times higher in SmO, RO and SyO than in other lipid sources. More importantly, SdO and AO were very rich sources of EPA (>20% and >17% of total FA, respectively) which was absent in RO and SyO. The DHA level was particularly high in AO (>40% of total FA), followed by AF (>30% of total FA), and was only present at 4% of total FA in SmO, and absent in RO and SyO. These differences were reflected in the sum of EPA and DHA (highest in AO, followed by AF and SdO) and DHA/EPA ratio, which was highest in AF. The n-3/n-6 ratio of the tested ingredients was highest in AO, followed by AF and SdO (Table 1). Consequently, all the diets had very different fatty acid profiles (Table 3). The CTRL diet had the lowest percentage of SFA (18% of total FA) and PUFA levels (36% of total FA), but the highest MUFA (44% of total FA); in CTRL, 10% of total FA was EPA+DHA (corresponding to 1.6 g of EPA+DHA per 100 g DM). All diets were richer in PUFA than the CTRL diet, and as expected, their levels of EPA+DHA (15.6 - 16.7% total FA, corresponding to 2.6 - 2.8 g 100 g-1 DM) were close to the SARDINE diet (15.4% of total FA, corresponding to 2.5 g 100 g-1 DM). A 3-4% dietary inclusion of AO in SALMON, ALGARAPE and ALGASOY almost doubled the DHA concentration in these diets. This increase was reflected on DHA/EPA ratio, which was highest in ALGASOY followed by ALGARAPE and SALMON. However, n-3/n-6 ratios were still below 1 for ALGARAPE and ALGASOY, and above 1 for SARDINE, SALMON and ALGAEBLEND (Table 3).





Growth trial and fish sampling

The growth trial was conducted in Riasearch Lda. (Murtosa, Portugal), with European sea bass juveniles obtained from the commercial fish farm ALGAPlus Lda. (Ílhavo, Portugal). Fish were individually weighed and 12 homogeneous groups of 17 fish (118.6 ± 15.2 g) were established and distributed by 350 L fiberglass tanks within a saltwater recirculation system (water temperature of 20°C, salinity of 18‰, flow rate at 700 L/h (200%/h renewal) and 12 h light/12 h dark photoperiod regime). Levels of total ammonium (NH4+), nitrite (NO2-) and nitrate (NO3-), as well as pH were daily monitored to ensure levels within the recommended ranges for marine species (NH4+ < 0.05 mg L-1; NO2- < 0.5 mg L-1; NO3- < 5 mg L-1; 7.5 < pH ≤ 8). Each diet was randomly assigned to duplicate groups of fish, which were hand fed until visual apparent satiation, three times a day, seven days a week, for 54 days.

Ten fish from the initial fish stock and the 17 fish from each tank at the end of the trial were collected and killed by anaesthetic overdose (MS222, 150 mg L-1) after a 48h fasting period. All fish were individually weighed (g) and measured for growth performance evaluation. The 10 fish from the initial stock, and 12 fish from each tank at the end of trial were sampled for whole body composition analysis. Dorsal muscle samples were collected from each fish through a biopsy below the skin (~1 g per fish). For the chemical analysis of both whole body and muscle composition, two independent pools were established per tank, each containing 6 whole fish or 6 muscle samples from those 6 fish. Samples were immediately frozen in dry ice and stored at -80°C for further analysis. Five other fish per tank were collected for instrumental evaluation of skin and muscle colour, and muscle texture. The viscera and liver from these 5 fish were collected and individually weighed to determine the viscerosomatic and hepatosomatic indexes (VSI and HSI, respectively).





Proximate composition analysis

The experimental diets and whole fish were ground, homogenized and freeze-dried before being further analyzed. Proximate composition analysis 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 6 h; Nabertherm L9/11/B170, Bremen, Germany); crude protein by quantification of nitrogen (N) using a Leco nitrogen analyser (Model FP-528; Leco Corporation, St. Joseph, USA) and conversion (N × 6.25) to equivalent protein; gross energy was determined in an adiabatic bomb calorimetric system (Model Werke C2000, IKA, Staufen, Germany). Total phosphorus content was determined from ash according to AOAC method 965.17 (2006) with the following adaptation: phosphates were quantified after using a 2 mM ammonium heptamolybdate reagent solution with 7 mM ascorbic acid and 0.5 M sulfuric acid at 75 °C in a water bath and later reading the absorbance at 820 nm.





Total lipids and fatty acid analysis

The experimental diets, whole fish and muscle samples were analysed for total lipids and fatty acids profile.

Total lipids of the experimental diets, whole body and dorsal muscle were extracted and quantified gravimetrically according to Folch et al. (1957) using Folch solution (dichloromethane: methanol 2:1 v/v with 0.01% BHT).

The experimental diets, whole body and muscle lipid extracts were transmethylated by acidic methylation according to Lepage and Roy (1986), with some modifications; adding 3 mL of freshly prepared 5% (v/v) acetyl chloride in anhydrous methanol and heated at 100°C for 1 h. After cooling at room temperature, 5 mL of 6% K2CO3 solution and 25 mg of BHT dissolved in 2 mL of n-hexane were added. Samples were then vortexed and centrifuged at 700 g for 5 min at room temperature, and the upper organic layer containing fatty acids methyl esters (FAME) was carefully transferred to another tube with 1 g of anhydrous sodium sulphate. This step was repeated twice, before the organic layer was filtered (125 mm Ø) into a new tube, heated at 37°C and dried under a stream of nitrogen gas. Finally, FAME was recovered in 1 mL of n-hexane and analysed in 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 (30 m× 0.25 mm I.D., film thickness 0.25 µm). Operating conditions were as follows: split mode, with a split ratio of 1:50 and an injection volume of 1 µL. The injector and detector temperatures were kept at 250 and 280°C, respectively. A flow rate of 25 mL min-1 of helium as a carrier gas, 40 mL min-1 of hydrogen and 400 mL min-1 of air were provided. The column thermal gradient was as follows: initial temperature 50°C for 2 min, increased at 50°C min-1 to 174°C, hold for 14 min, then increased 2 °C min-1 to 210 °C and hold for 50 min. FAME were identified by comparison of retention times with a known standard mixture (Sigma 47,885-U Supelco 37 Component FAME Mix, USA) and quantified using the software GCsolution for GC systems (Shimadzu, Kyoto, Japan). The FAME contents in diets, whole body and muscle were expressed as % of total FAME. The amount of FA expressed in mg 100 g−1 of edible part, were calculated using the relative percentage of each peak area (% of total FA) and the lipid conversion factors calculated according to Weihrauch et al. (1977) and Garcia et al. (2019).





Colour and texture

Instrumental measurements of skin and muscle colour were performed at room temperature with a CR-400 Chroma meter (Konica Minolta Inc., Osaka, Japan) with an aperture of 8 mm, at standard illuminant D65 using the CIE 1976 (L*, lightness; a*, redness; b*, yellowness). After the calibration of the apparatus with a white plate reference standard, colour parameters were measured by applying the colorimeter onto the raw skin and flesh of the ten fish per dietary treatment (5 fish/tank). Measurements were made above the lateral line in three points of each fillet, and mean values were determined for each fish. After flashing, L*, a*, and b* reflected light values were recorded. From a* and b* values, the hue angle (H° = tan-1 b*/a*) and the Chroma (C* = (a*2 + b*2)1/2) were calculated according to Choubert et al. (1997).

Muscle texture was analysed using a TA.XT plus Texture Analyser, with a 5 kg load cell and a 2.0 mm diameter probe (Stable Micro systems Inc., Godalming, UK). Texture profile parameters [hardness (N), adhesiveness (J), springiness (-), cohesiveness (-), chewiness (J), and resilience (-)] were obtained by double penetration (probe speed of 1 mm s-1; probe penetration depth of 4 mm; wait time between penetrations of 5 s) on the thickest part of each raw fillet (Batista et al., 2020).





Calculations

Growth, feed intake and other somatic parameters were calculated as follows: Daily growth index (DGI) =100 × [(final body weight) 1/3 - (initial body weight)1/3]/days of the experiment; Final condition factor (K) = 100 × (FBW/final body length3); Voluntary feed intake (VFI) = 100 × dry 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); HSI = 100 × (liver weight/FBW); VSI = 100 × (weight of viscera/FBW).

Fatty acids utilisation parameters were calculated as follows: FA gain = (FBW × final whole body FA content) – (IBW × initial whole body FA content/ABW/days of experiment; FA retention = 100 × (FBW × final whole body FA content − IBW × initial whole body FA content)/(dry feed intake × FA content in the diet).

Lipid quality indexes were calculated following Ulbricht and Southgate (1991): Atherogenicity index (AI) = [C12:0 + (4 × C14:0) + C16:0] / (Σ PUFAn-6 + Σ PUFAn-3 + Σ MUFA); thrombogenicity index (TI) = (C14:0 + C16:0 + C18:0) / [0.5 × Σ MUFA + 0.5 × Σ PUFAn-6 + 3× Σ PUFAn-3 + (Σ PUFAn-3 / Σ PUFAn-6)]; hypocholesterolemic/hypercholesterolemic FA ratio (h/H) = (C18:1n-9 + C18:2n-6 + C20:4n-6 + C18:3n-3 + C20:5n-3 + C22:5n-3 + C22:6n-3) / (C14:0 + C16:0); peroxidation index (PI) = 0.025 × (% Σ monoenoic FA) + 1 × (% Σ dienoic FA) + 2 × (% Σ trienoic FA) + 4 × (% Σ tetraenoic FA) + 6 × (% Σ pentaenoic FA) + 8 × (% Σ hexaenoic FA).





Statistical analysis

Statistical analyses were performed using IBM SPSS® Statistics 27.0.1 software (IBM Corporation, Chicago, USA). Data were tested for normality and homogeneity of variances using Kolmogorov-Smirnov and Levene’s tests, respectively, followed by a one-way ANOVA. If normality and/or homogeneity of variances assumptions were not met after transformation, a non-parametric test (Kruskal–Wallis H-test) was used instead. When significant differences were observed among dietary treatments, individual means were further compared by a Tukey’s multiple comparison test. In all cases, significant differences were considered for a p < 0.05.






Results




Growth performance, whole body composition and nutrient utilisation

All diets were well accepted by the European sea bass, resulting in similar voluntary feed intake (VFI) (Table 4), and no mortality occurred during the trial. After 54 days of feeding, no significant differences were observed in the fish final body weight (208 – 217g), daily growth index or condition factor. The feed conversion ratio (1.0) and protein efficiency ratio (1.9) remained similar among groups fed the different diets (Table 4). HSI and VSI were not significantly affected by dietary treatments.


Table 4 | Growth performance, somatic indexes and whole body composition of European sea bass fed experimental diets.



The changes in the dietary formulations did not significantly affect sea bass whole body final proximal composition, which remained similar among groups (Table 4). However, whole body total fatty acids profile was strongly affected by the dietary treatments, generally reflecting the dietary FA profile (Table 5; Figure 1). Whole body SFA was significantly higher in fish fed the SARDINE diet than in those fed the CTRL diet, but no other differences were found. The differences found in whole body SFA reflect the differences in palmitic acid (C16:0, PA), which was the most abundant SFA in every diet. MUFA represented the largest FAs fraction in the fish whole body, regardless of the diet (41-48%). Fish fed the CTRL diet had significantly higher MUFA levels than fish fed the diets ALGARAPE and ALGASOY (Table 5), mostly due to high percentage of OA. On the contrary, total PUFA was higher in fish fed ALGASOY or ALGARAPE than in those fed the CTRL or the SARDINE diets (Table 5). The whole body n-3/n-6 ratio was affected by the dietary treatments: the highest ratios (1.1) were observed in fish fed the SARDINE and ALGABLEND diets, and the lowest (0.7) in fish fed the ALGARAPE and ALGASOY diets. The whole-body relative content (% total FA) of either EPA or DHA were highly correlated with their respective dietary levels (R2 >0.98; Figure 1). Whole body retention of individual FA was not significantly affected by the dietary treatments (data not shown; p > 0.1), but EPA and DHA gain followed their respective dietary levels (Figure 2). EPA gain increased significantly in fish fed the SARDINE and ALGABLEND diets, whilst DHA showed the highest gain in fish fed the SALMON, ALGARAPE and ALGASOY diets (Figure 2). As a result, all dietary treatments led to a higher EPA+DHA gain when compared to the CTRL diet. The whole body EPA concentration was significantly increased in fish fed the SARDINE and ALGABLEND diets (5.7% of total FA), when compared to ALGARAPE and ALGASOY (4.1% of total FA) (Table 5). On the other hand, the whole body DHA concentration in fish fed SALMON, ALGASOY and ALGARAPE (5.9-6.1% of total FA) doubled that of fish fed the CTRL diet (3.2% of total FA). The highest DHA/EPA ratios were obtained in fish fed SALMON, ALGASOY and ALGARAPE. At the whole body level, fish fed any of the alternative diets had significantly higher EPA+DHA contents than those fed the CTRL diet (1.3 vs 1.0g 100g-1 wet weight (WW), respectively).


Table 5 | Whole body fatty acid composition of the European sea bass fed experimental diets.






Figure 1 | Relationship between dietary and whole body or muscle fatty acid content in % total fatty acids for: (A) EPA (eicosapentaenoic acid), (B) DHA (docosahexaenoic acid) and (C) EPA+DHA in European sea bass fed experimental diets for 54 days. A line of equity is represented (solid line). Data is presented as mean ± standard deviation.






Figure 2 | (A) Whole body gain and (B) retention of EPA, DHA and EPA+DHA of European seabass fed experimental diets for 54 days. CTRL, Control diet; SARDINE, Sardine oil diet; SALMON, Salmon oil diet; ALGARAPE, Alga and Rapeseed oil diet; ALGASOY, Alga and Soybean oil diet; ALGABLEND, Algaessence diet; ABW, Average body weight; Values are presented as mean ± standard deviation. Different superscript letters represent significant differences p < 0.05.







Muscle lipid content and fatty acid profile

Muscle total lipids were generally low (values ranged between 2.0 and 2.8% WW) and were not significantly affected by the dietary treatments. Muscle FA profile was strongly affected by the fat source and tended to reflect the dietary FA profile (Table 6). Muscle SFA were significantly higher in fish fed the SARDINE, ALGASOY and ALGABLEND diets, when compared to those fed the CTRL diet, mostly due to the high levels of palmitic acid. When compared to CTRL, the MUFA levels were significantly reduced in the muscle of fish fed ALGASOY, mainly due to the lower concentration of OA. The muscle PUFA was highest in fish fed ALGASOY. The high concentration of LA in the muscle of fish fed the ALGARAPE and ALGASOY resulted in the highest n-6 PUFA levels and lowest n-3/n-6 PUFA ratios (Table 6). The highest muscle EPA concentration was observed in fish fed the SARDINE and ALGABLEND diets, whilst DHA was highest in the muscle of fish fed the SALMON diet. However, the content of EPA+DHA did not vary significantly among diets. All fillets had between 303 and 369 mg EPA+DHA per 100 g wet weight. A linear correlation between the FA profile in the muscle and in the diets was established in Figure 1. A line of equity represented by a solid line corresponds to the alignment of dietary FA levels with tissue fatty acid levels. This line can suggest whether a particularly fatty acid is preferentially retained in a tissue (points above the equity line) or otherwise preferentially metabolized (points below the equity line). Both EPA and DHA tend to be preferentially retained by the muscle, but the opposite was observed in the whole body; EPA and DHA levels in the whole body are lower than those provided by the feed as evidenced by the position against the equity line (Figure 1). EPA was preferentially retained in the muscle of fish fed the ALGASOY, ALGARAPE, SALMON and CTRL diets (Figure 1A; values above the equity line), while DHA was preferentially retained in the muscle of fish fed CTRL, SARDINE, ALGABLEND and SALMON diets (Figure 1B; values above the equity line). Regarding the sum of EPA and DHA (EPA+DHA), the highest muscle retention is observed in fish fed the CTRL, the ALGABLEND, the ALGASOY and the SALMON diets (Figure 1C).


Table 6 | Muscle total lipid content, quality indexes and fatty acid composition of the European sea bass fed experimental diets.



Concerning the lipid quality indexes (Table 6), the atherogenicity index (AI) was significantly higher in fillets from fish fed SARDINE and ALGABLEND when compared to the remaining diets (0.4 vs. 0.3, respectively). The hypocolesterolemic and hypercolesterolemic (h/H) FA ratio was higher in the muscle of fish fed the CTRL diet than in those fed with SARDINE, SALMON and ALGABLEND diets (3.4 vs. 3.1-3.3 respectively). No significant differences were found in thrombogenicity (TI) and peroxidation (PI) indexes between groups.





Colour and muscle texture

The skin L*, a* and the Hue (H°) angle were not affected by the dietary treatments (Table 7), but fish fed the SARDINE and ALGABLEND diets were more yellowish (higher b*) and displayed a higher colour saturation (higher C*) than those fed the CTRL diet. Muscle L* and C* were not affected by the dietary treatments, but the muscle of fish fed ALGABLEND had the highest a* and b*. The H° was highest in the muscle of fish fed the ALGARAPE diet and lowest in those fed SALMON and ALGASOY.


Table 7 | Flesh texture (TPA) and skin colour in European sea bass fed the experimental diets.



Concerning the fillet texture parameters, hardness, cohesiveness and chewiness were similar among groups (Table 7), but significant differences were found in adhesiveness, springiness and resilience. Fish fed the CTRL, SALMON or the ALGABLEND diets displayed a significantly higher muscle adhesiveness than fish fed the ALGARAPE diet. The highest springiness values were found in fish fed the SALMON, ALGARAPE and ALGASOY diets. Muscle of fish fed SALMON and ALGARAPE also had the highest resilience values.






Discussion

The replacement of fish oil (FO) in aquafeeds implies the identification of alternative and sustainable sources of EPA and DHA, which is nowadays one of the main challenges in aquaculture nutrition, particularly in marine fish species that have limited ability to endogenously synthesize LC-PUFA. Recent research has been focused on finding secure and cost-effective solutions to supply EPA and DHA for commercial fish diets (Tocher, 2015; Tocher et al., 2019; Santigosa et al., 2020; Santigosa et al., 2021; Kousoulaki et al., 2022). In the present study, marine n-3 LC-PUFA rich sources, such as salmon oil, algae oil and a blend of micro- and macroalgae, which are currently available in the market, proved to be viable solutions for directly replacing traditional fish oil (sardine oil - SdO) in aquafeeds. Reasonable combinations were formulated to generate diets that meet the European sea bass dietary requirements for EPA and DHA while providing consumers with differentiated fillets rich in LC-PUFA.

After a short-term growth trial of 54 days, European sea bass juveniles nearly doubled their weight, with no differences in VFI or growth performance between dietary treatments. The data showed that the performance of fish fed diets including AO in combination with either salmon-by products oil or VO was similar to fish fed the CTRL diet and within the range of values previously reported for European sea bass fed diets with FO and FM (Kaushik et al., 2004; Tibaldi et al., 2006). Moreover, neither the dietary content of EPA+DHA (1.6 in CTRL diet vs 2.5-2.8 g 100g-1 DM in the remaining experimental diets), nor the ratio n-3/n-6 (below or above 1), affected fish growth performance, which confirms that the dietary formulations met sea bass requirements for these FA. Despite the differences in the dietary lipid sources, all diets exhibited DHA/EPA ratios between 0.5-2.2, which are within the range of values (0.5-2.0) required for marine fish normal growth and development (NRC, 2011). The total absence of SdO had no significant effect on European sea bass growth, contradicting previous studies reporting growth impairment when VO was used instead of FO (Mourente et al., 2005; Yılmaz et al., 2016). This might be due to the abundance of EPA and DHA in AO that compensates for the deficiencies in VO. Microalgae oil rich in omega-3 has been successfully used without impairing growth or feed efficiency in a number of farmed species (Miller et al., 2007; Qiao et al., 2014; Betancor et al., 2016; Kousoulaki et al., 2020; Santigosa et al., 2020; Santigosa et al., 2021). Likewise, the use of a microalgae’s biomass (including Chlorella sp., Tetraselmis sp. and Schizochytrium sp.) to partially replace FM and FO in feeds for gilthead sea bream (Sparus aurata) also resulted in similar growth and feed efficiency (Ferreira et al., 2022).

Somatic indexes are good indicators of fat deposition levels, but in the present study, both HSI and VSI remained unaffected by the dietary lipid sources. This is contradictory to what has been described in several species that showed a tendency for increased HSI and VSI when dietary FO was replaced by VO (Fountoulaki et al., 2009; Bowyer et al., 2012; Willora et al., 2021). However, the present results are consistent with previous findings reported for Atlantic salmon fed diets in which FO was replaced by AO (Miller et al., 2007; Kousoulaki et al., 2022), suggesting that the incorporation of microalgae biomass is a successful strategy to mitigate the negative effects associated with high inclusion of VO.

Although proximate composition remained unaffected by the different lipid sources herein tested, the dietary FA profile clearly influenced the whole-body FA profile. Carnivorous marine species, such as European sea bass, require LC-PUFA in their diets as they have low FA bioconversion rates (Tocher, 2010). The present study shows that the fish capacity to retain n-3 LC-PUFA was not significantly affected by the dietary inclusion level of EPA and DHA. Nevertheless, the percentage of retention varied between 40-51% for EPA and 57-66% for DHA. These values are higher than those previously reported for gilthead seabream (Ferreira et al., 2022) and European seabass (Ferreira et al., 2022; Marques et al., 2022), and they are closer to those obtained for Atlantic salmon fed a FO-based diet, which retentions for EPA and DHA were 30 and 68%, respectively (Ytrestøyl et al., 2015). Moreover, European sea bass fed EPA-rich diets, containing sardine oil (SARDINE and ALGABLEND diets) had a higher EPA gain, while those fed the diets supplemented with AO, particularly rich in DHA (SALMON, ALGARAPE and ALGASOY diets), showed a higher DHA gain (Figure 2A). When compared with the CTRL, all diets promoted EPA+DHA gain, which resulted in a significant increase in fish whole body EPA+DHA content. Still, both fatty acids were metabolized at whole body level, as suggested by their correlation line below the equity line (Figure 1), whilst a selective deposition and retention of these FA was noted in muscle as previously reported in marine fish species, such as Atlantic salmon (Bell et al., 2002; Bell et al., 2003), turbot (Regost et al., 2003), Senegalese sole (Pereira et al., 2019), gilthead seabream (Fountoulaki et al., 2009) and European sea bass (Montero et al., 2005; Marques et al., 2022). In the present study, there is a trend for a higher retention of DHA, as compared to EPA (Figure 2B), which could be due to a higher beta-oxidation of EPA when compared to DHA. EPA retention also seemed to be more influenced by dietary formulation than DHA, but without significant differences among diets (Figure 2B).

From a human nutrition perspective, high n-3 LC-PUFA levels are desirable in muscle due to their health benefits, including a cardio protective effect in adults, improved immune function, cognitive function, mental and metabolic health (Simopoulos, 2000; Harris William et al., 2009). However, the higher the concentration of these FA in the diet, the more tenuous muscle retention seems to be. This was previously described by Rosenlund et al. (2016) who suggested that these FA are increasingly used for metabolism as their dietary concentrations increase. In fact, as displayed by Figure 1., EPA was more metabolized in fish fed ALGABLEND and SARDINE diets (richer in EPA), and DHA in those fed ALGASOY and ALGARAPE diets (richer in DHA), although the muscle still reflected fish dietary levels as described in previous studies (Izquierdo et al., 2005; Torrecillas et al., 2017; Santigosa et al., 2021). The balance between mechanisms underlying the selective FA deposition, namely the high specificity of fatty acyl transferases vs the relative resistance of these FA to β-oxidation likely explain the similar concentrations of EPA+DHA observed in the muscle (303-369 mg EPA+DHA per 100 g fresh weight). Dietary recommendations for EPA+DHA based on cardiovascular risk prevention for European adults are between 250 and 500 mg day-1 according to the European Food Safety Authority (EFSA, 2012). In this study, regardless the dietary EPA+DHA level, all diets were effective in providing fillets with EPA+DHA levels complying with the previously mentioned EFSA recommendations. Santigosa et al. (2020) also reported that the fillet of rainbow trout fed upon a diet with 5% AO had higher EPA+DHA content than that of trout fed a diet including 10% FO. Another study by the same author pointed out that 10% AO is enough to completely replace FO without compromising fillet quality (EPA+DHA > 250mg g-1 wet weight) (Santigosa et al., 2021), results that confirm the ability of Veramaris® oil to totally replace fish oil without compromising flesh n-3 LC-PUFA content. In the present study, when compared to the CTRL, a 10% fortification of sea bass flesh in DHA+EPA was achieved by the SARDINE diet, with a 6% price increase incurred. However, sustainable formulations with a low percentage of AO (<5%), such as ALGARAPE and ALGASOY, allowed for higher fortification (22 and 14%, respectively) at a higher cost (16-17% price increase) but remained viable, highlighting AO dietary inclusion as a feasible solution for sustainable formulations that allow for EPA and DHA fortification.

Other parameters besides total n-3 LC-PUFA have been used to evaluate the nutritional quality of fish for human consumption. The n-3/n-6 and h/H ratio, AI and TI have also been considered as useful indicators of the dietary lipid quality (Ulbricht and Southgate, 1991). In this study it is possible to observe a reduction in muscle n-3/n-6 ratio in the fish fed with either ALGARAPE or ALGASOY diets compared to those fed the remaining diets (1.1 vs. 1.4-1.6, respectively), reflecting the respective dietary composition. This was mainly due to the dietary replacement of salmon oil by the blend of RO and SyO, which have a high LA content. VO are rich in LA and contain ALA, but totally lack EPA and DHA, unbalancing its n-3/n-6 ratio towards values lower than 1. Therefore, high FO replacement levels by VO may decrease the benefits of eating fish as suggested by Simopoulos (2012), not only by decreasing EPA and DHA levels in muscle, but also because excessive intake of n-6 PUFA and consequently low n-3/n-6 ratio can have adverse health effects promoting the development/appearance of cardiovascular diseases, cancer, osteoporosis and inflammatory and autoimmune diseases (Okuyama et al., 1996; Simopoulos, 2016; Yue et al., 2021). Such FA imbalances in muscle derived from low dietary n-3/n-6 ratio might also inhibit the biosynthesis of the physiologically active n-3 LC-PUFA and hence decrease the EPA and DHA deposition levels (Power and Newsholme, 1997; Bandarra et al., 2011). Although in the present study the total replacement of sardine oil by a blend of VO and AO did not impair EPA and DHA muscle levels, these fish still had the lowest n-3/n-6 ratio. Likewise, muscle h/H ratio was affected by the experimental diets being lower in the fish fed the SARDINE, SALMON and ALGABLEND diets (h/H = 3.1 to 3.3) comparatively to the remaining. This was mainly associated with the higher content of SFA in the muscle of these fish, namely the myristic (C14:0) and palmitic acids (C16:0), resulting from a large abundance of these FA in the ingredients included in the testing diets, such as sardine oil (6.7% C14:0 and 16.7% of C16:0) and the algae’s blend (31.3% C14:0 and 15.7% of C16:0). To the best of our knowledge, there are no reference values for h/H ratio, but as suggested by Santos-Silva et al. (2002) and according to the current knowledge on the effects of specific FA on cholesterol metabolism, higher values of h/H should be considered as positive. Comparing the present results on h/H ratio with those reported in a previous study by Testi et al. (2006) in seawater-reared European sea bass selected from stocks of ready-for-sale fish (h/H = 2.1), all fish fed the experimental diets herein tested had higher h/H ratios.

Atherogenicity (AI) and thrombogenicity index (TI) are indicators of the potential impact of food on cardiovascular health. AI is defined by the ratio between the sum of the main SFA and MUFA, the first being considered pro-atherogenic (Σ SFA), and the latter anti-atherogenic (Σ PUFA n-6 + Σ PUFA n-3 + Σ MUFA), whilst TI indicates a propensity for clot formation in blood vessels and it is defined as the relationship between the pro-thrombogenetic and the anti-thrombogenetic FA (Σ SFA and Σ PUFA n-6 + Σ PUFA n-3 + Σ MUFA, respectively) (Ulbricht and Southgate, 1991). Although lower AI and TI values indicate higher nutritional quality and greater potential for reducing the risk of coronary heart disease, no recommended values for IA and IT have been established yet (Chen and Liu, 2020). Furthermore, several factors such as environmental conditions, fish weight and fish age may affect these indexes, but they seem to be predominantly related to diet, which is known to impact the FA profile (Grigorakis, 2007). The TI values herein obtained (0.2-0.3) were not affected by dietary treatments and were in line with those reported for same-sized cultured European sea bass (Alasalvar et al., 2002; Testi et al., 2006). On the other hand, the highest AI values were found in the fillets of fish fed SARDINE and ALGABLEND diets, which had sardine oil as main lipid source. Grigorakis (2007) reported even higher AI values (0.6) in market-sized European sea bass fed a FO-diet. Moreover, Álvarez et al. (2020) found that replacing FO with VO (soybean and rapeseed oils) in gilthead seabream (Sparus aurata) led to decreased AI values, which is consistent with the present data. In conclusion, replacing dietary sardine oil by alternative lipid sources can decrease AI and potentially enhance flesh fat quality. Nevertheless, it is important to keep in mind that fish still have lower AI and TI values compared to other food sources, making them an excellent choice for maintaining heart health (Olmedilla-Alonso et al., 2002).

Lipid peroxidation index (PI), represent the relationship between the FA composition of a tissue and its susceptibility to oxidation, being PUFA more sensitive to oxidation than MUFA (Hulbert et al., 2007). Despite the higher PUFA content in the muscle of fish fed the diets including AO (SALMON, ALGARAPE and ALGASOY), PI was not significantly affected. However, the flesh of fish fed the SALMON diet displayed the highest PI, which seems to indicate a higher susceptibility for FA oxidation. Further analysis throughout post-mortem could clarify the extent of the impact of dietary lipid sources on lipid oxidation.

The organoleptic quality of a final product is just as important as its nutritional value because it can influence a consumer’s purchase decision (Ramalho Ribeiro et al., 2015; Álvarez et al., 2020; Batista et al., 2020). In this study, fish fed the ALGABLEND diet showed increased colour saturation (more precisely the b*) and a more yellowish skin. Likewise, the fillet of fish fed the ALGABLEND diet had a tendency towards a more intense red (higher a* value) and yellow (higher b* value) colour, without differing significantly from the CTRL. Batista et al. (2020) also reported higher a* values in fillets of European sea bass fed with a diet containing 8% of the algae Gracilaria sp. These findings suggest that algae, being good sources of pigments, could improve the appearance of fish. Texture is also one of the most important quality attributes of fish and meat. It contributes to consumer acceptance and therefore marketability of the final product (Bland et al., 2018). Hardness is probably the most easily textural parameter perceived by consumers that generally appreciate a high muscle hardness (Cheng et al., 2014). In this study, it was found that SdO could be totally replaced by different reasonable combinations of alternative lipid sources without altering flesh hardness. This could be partly related to the absence of significant differences in muscle lipid and moisture contents, which are important chemical variables for flesh texture (Johnston et al., 2006; Xu et al., 2021). Moreover, springiness was significantly increased in diets containing AO, and resilience was lowest in fish fed with SARDINE and ALGABLEND diets (SdO inclusion > 7.9%). However, longer feeding trials and further validation by a sensorial panel are needed to fully determine the impact of alternative lipid sources on sea bass nutritional and sensory properties.





Conclusion

In this study, various marine n-3 LC-PUFA rich sources (salmon oil, algae oil and a blend of micro and macroalgae, Algaessence Feed™), currently available in the market, were demonstrated to be viable solutions for the direct replacement of a traditional fish oil (sardine oil - SdO) in diets for European sea bass, contributing to the environmental and economical sustainability of aquaculture. After a 54 days’ trial, all diets promoted fish growth equally and provided consumers differentiated fillets rich in EPA+DHA, with over 250 mg of EPA+DHA per 100 g fillet complying with EFSA recommended daily intakes to reduce the risk of cardiovascular diseases (>250 mg day-1), and without major impacts on texture. Still, the flesh of fish fed ALGARAPE and ALGASOY had the highest DHA concentrations due to the dietary inclusion of a DHA rich algae oil. SALMON and ALGABLEND fed fish displayed the highest PUFA n-3/n-6 ratios. Overall, this study showed that combining pricy sources of n-3 LC-PUFA (Veramaris® or Algaessence Feed™) with less expensive oils (salmon by-products oil or vegetable oils) was a successful strategy to fortify European sea bass flesh with EPA and DHA while mitigating the negative effects associated with high dietary inclusions of vegetable oils. However, based on FA retention, there was no apparent advantage in increasing dietary n-3 LC-PUFA in European sea bass diets, as there appears to be a threshold above which β-oxidation seems to be promoted. Future studies are required to determine the most adequate dietary levels of EPA and DHA to promote high retentions in large-sized European sea bass while ensuring desirable nutritional flesh quality and the cost-effectiveness of aquafeeds.
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choline chloride, 1960 mg. Minerals (g or mgkg™ diet): copper sulphate, 8.25 mg; ferric sulphate, 68 mg; potassium iodide, 0.7 mg; manganese oxide, 35 mg; organic selenium, 0.01 mg; zinc
sulphate, 123 mg; calcium carbonate, 1.5 g; excipient wheat middlings; WISTUM, ADM Portugal S.A., Portugal;
12 VERDILOX. Kemin Europe NV, Belgium;

13 L-Lisine HCl 99%: Ajinomoto Eurolysine SAS. France;

' DL- Methionine 99%: EVONIK Nutrition & Care GmbH. Germany;

' Yttrium oxide: Sigma Aldrich, USA;

'® Sardine oil: Sopropéche, France;

'7 Salmon oil: Sopropéche, France;

'8 Algae oil: Veramaris®, Evonik, NE, USA;

'? Soybean oil: JCCOIMBRA Distribuicao SA., Portugal;

20 Rapeseed oil: Henry Lamotte Oils GmbH, Germany;

2! Algaessence Feed™: Blend of Nannocloropsis, Gracilaria and Shizochitrium: 4% CF, ALGAplus Lda., Portugal;
22 Carbohydrates: Calculated by estimation, 100 ~ Crude Protein ~ Crude fat ~ Ash.
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SARDINE SALMON

p-value

Growth performance

Initial body weight (g) 118.1+ 0.3 1183+ 1.7 118.8 £ 0.1 1189 + 1.0 1192 £ 0.1 1183 £ 0.5 1.000
Final body weight (g) 211.8 £ 4.4 2171+ 1.5 2112 £ 6.4 2155+5.7 208.0 + 10.2 210.6 £ 4.0 0.896
Final Condition Factor 1.3 £0.08 1.3 +0.004 13 +0.03 1.3 +0.03 1301 1.3 +0.02 0.406
Daily Growth Index (DGI) 2.0 £0.04 2.0 +0.02 19+ 0.1 2.0 +0.07 19+02 1.9 +0.06 0.402
Voluntary Feed Intake (VFI) 1L1+£0.1 1.1+0.04 1.1 £0.03 1.1 £0.04 1.0 £0.1 1.1+0.1 0.620
Feed Conversion Ratio (FCR) 1.0 £0.02 1.0 £ 0.03 1.0 £ 0.03 1.0 £0.01 1.0 £0.02 1.0 £ 0.04 0.583
Protein Efficiency Ratio (PER) 1.9 £0.04 1.9 £ 0.05 1.9+0.1 2.0 £0.01 1.9 £0.04 1.9 +0.1 0.723

Somatic indexes (%)
Hepatosomatic index (HSI) 1.7 £ 0.001 1.7+0.1 1.6 +0.2 1.6 £0.0 19 +0.1 1.7 £0.1 0.143
Viscerosomatic index (VSI) 84 +04 8.6+ 0.5 8505 8.6+0.1 8.9 +0.5 9.0+03 0.956

Whole body composition (% or k3 g™ WW)

Moisture 61.8 +1.25 62.4 + 0.62 624 + 1.40 61.7 +0.34 62.9 + 1.02 62.8 +0.38 0.365
Protein 16.9 + 0.46 17.0 + 0.59 17.4 + 0.40 16.8 +0.25 17.1 £ 0.46 17.3 +£0.43 0.405
Lipids 14.7 £ 1.32 14.3 £ 0.59 13.8 + 0.66 14.5 £0.29 13.8 £ 0.84 13.9 +0.45 0.379
Energy k/g 10.5 £ 0.35 10.4 + 0.16 104 +0.53 10.5 +£0.13 10.4 +0.50 10.1 £ 0.27 0.307
Ash 34 +0.11 3.2+0.10 32+0.15 32+0.34 32+0.17 33+022 0.704

CTRL, Control diet; SARDINE, Sardine oil diet; SALMON, Salmon oil diet; ALGARAPE, Alga and Rapeseed oil diet; ALGASOY, Alga and Soybean oil diet; ALGABLEND, Algaessence diet;
WW, Wet weight. Values are presented as mean + standard deviation.
Initial body composition: Moisture, 65.0%; Protein, 17.6% wet weight (WW); Lipids, 11.3% WW; Energy, 9.4k] g™' WW; Ash, 3.5% WW.
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Fatty acids (% total fatty acids)

Cl14:0 23 39 22 12 11 4.3
C16:0 (PA) 117 14.6 14.9 15.8 16.6 14.4
C18:0 AT 3.1 vy g 26 28 3.0
SSFA! 17.7 228 20.6 20.7 215 228
Cl6:1 n-7 34 55 23 0.9 0.8 49
Cl18:1 n-9 (OA) 360 256 27.7 215 17.5 256
C18:1 n-7 28 29 2.1 14 12 28
C20:1 n-9 12 E b} 21 0.5 0.4 S &
SMUFA? 44.2 36.3 36.0 24.6 20.1 355
C18:2 n-6 (LA) 17.7 1y 15.6 30.7 35.1 14.0
Cl18:3 n-3 (ALA) 48 32 43 38 35 33
C184 n-3 07 13 0.6 02 02 11
C20:4 n-6 0.5 0.7 0.7 0.7 0.7 0.7
C20:5 n-3 (EPA) 6.1 10.5 5.8 5.3 5.0 9.4
C22:5n-3 0.7 1.0 12 0.6 0.6 0.9
C22:6 n-3 (DHA) 34 49 10.7 11.1 112 6.2
EPA+DHA 95 154 16.5 16.4 16.2 156
DHA/EPA 06 05 1.8 21 22 07
Tn-3? 15.9 214 234 214 208 214
= n-6' 184 138 17.2 316 36.0 15.0
X n-3/Z w6 0.86 1.55 1.36 0.68 0.58 143
SPUFA® a5 372 41.1 L B 56.9 38.6

Fatty acids (g 100g™* DM)

C20:5 n-3 (EPA) 1.0 17 10 0.9 0.9 1.6
C22:6 n-3 (DHA) 0.6 0.8 1.8 1.9 19 10
EPA+DHA 16 2.5 2.8 2.8 2.8 2.6

CTRL, Control diet; SARDINE, Sardine oil diet; SALMON, Salmon oil diet; ALGARAPE, Alga and Rapeseed oil diet; ALGASOY, Alga and Soybean oil diet; ALGABLEND, Algaessence diet; DM,
dry matter; OA, oleic acid; LA, linoleic acid; ALA, o-linolenic acid, EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid.

! % 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;

2 £ 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;

3 ¥ 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;

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

5 % 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.
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Skin instrumental colour

I+ 464 £ 114 56.6 + 7.1 57.8+72 51.2+ 106 50.1 +9.5 510 £5.7 0055
a* 0305 0405 04+03 0.1£05 0204 0.4+ 05 0734
b 58+24° 9116 77:£15% 7.0£25% 6420 89237 0.004
ct 59+24° 9.1+16" 7.7+£13% 7.0£25% 6420 89+23° 0.004
H® 927453 920+35 934+ 12 90.6 + 4.0 92.1+3.9 924 £33 061

Muscle instrumental colour

L 384 %13 383+ 07 392+ 11 37.8£ 09 388 % 1.0 382+13 0.118
a* 0.6+ 0047 0802 09+04° -07+0.1% 09+02° 05017 0.004
b 1307 0806 0806 -14+03° 0.8+07%® 0.6+05" 0.003
c 15+ 06 12+03 1305 1502 13+04 1.0 04 0.09
H 2406 £ 8.5™ 2275 £118 ™ 2213£17.0% 246.6 £ 108 * 2148 £244° 2331 £17.9 % 0.001

Muscle instrumental texture

Hardness (N) 07 0.1 07 £0.1 0.7£01 0.7 0.1 07 0.1 06+ 0.4 0.077
Adhesiveness (J) 0.03 £001° 0.05 +0.03*° -0.05 +0.07 * -0.15+0.12° 0.12+013%® 0.05 % 0.06 * <0.001
Springiness 0.99 +0.07" 098 £ 0.03 " 1.09 +022° 1.08 +0.12* 1.08 £0.17°* 1.01 +0.05* <0.001
Cohesiveness 045 £ 0.05 045 + 0.07 0.46 £ 0.06 043 + 0.03 0.44 £ 0.05 0.44 +0.05 0215
Chewiness (J) 035 +0.08 032+0.12 033+ 0.08 029 + 0.05 029 +0.16 026 +0.17 0058
Resilience 031+0.18% 024+ 005" 0.34+0.11° 0.38 £0.19° 034+0.19% 025 £0.07° <0.001

CTRL, Control diet; SARDINE, Sardine oil diet; SALMON, Salmon oil diet; ALGARAPE, Alga and Rapeseed oil diet; ALGASOY, Alga and Soybean oil diet; ALGABLEND, Algaessence diet;
Values are presented as mean + standard deviation (n=10); Different superscript letters represent significant differences p < 0.05.
* refers to a vector.
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Fatty acids (% total fatty acids)
C140 67 22 004 011 262 313
C16:0 (PA) 167 9.6 42 10.1 287 157
C18:0 32 26 14 3.02 12 04
= SFA! 28.1 15.1 64 140 342 486
Cl6:1 n-7 102 264 02 01 003 32
Cl18:1n-9 (OA) 7.9 388 60.3 254 - 07
C18:1 n-7 34 29 29 16 003 03
C20:1 n-9 13 32 13 03 001 -
S MUFA? 240 50.4 65.1 274 008 44
C18:2 n-6 (LA) 1.0 14.1 19.1 521 0.01 05
Cl18:3 n-3 (ALA) 05 6.1 8.1 54 005 0.1
C184 n-3 25 0.7 - = 03 02
C20:4 n-6 12 02 - - 22 19
C20:5 n-3 (EPA) 207 31 - - 174 27
C2255 n-3 19 1.2 001 = 18 -
C22:6 n-3 (DHA) 8.0 36 - = 410 321
EPA+DHA 287 67 = = 584 348
DHA/EPA 04 12 - = 24 118
=03’ 345 16.0 83 56 614 355
= n-6' 27 155 192 522 24 27
S n-3/En-6 128 1.0 04 0.1 252 133
= PUFA® 126 321 274 57.8 638 382
Fatty acids (g 100g™* DM)
C20:5 n-3 (EPA) 193 29 - - 162 07
C22:6 n-3 (DHA) 7.4 34 - - 382 84
EPA+DHA 267 63 - - 54.4 91

$d0, Sardine oils SmO, Salmon oil; RO, Rapeseed oils SyO, Soybean oil; AO, Algac oil; AF, Algacssence Feed™:; PA, palmitic acid; OA, oleic acids LA, linoleic acid; ALA, o-linolenic acid, EPA,
cicosapentaenoic acid; DHA, docosahexaenoic acid; DM, dry matter.

!5 SFA, sum of saturated fatty acids, includes C10:0, C12:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:05

2 £ 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;

3 ¥ 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;

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

5 % 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.
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Fatty acids (% total fatty acids)

Cl14:0 22£005% 2.6+004 ™ 2.1%003 % 17 £003° 18£0.04° 28+0.04° <0.001
C16:0 161+0.1° 176+ 05° 17.1£01 % 17304 174 £0.5% 166 £0.2* 0.005
C18:0 33:01°% 35+01° 32:004"° 34£01°% 35+£02°% 32£01% 0.008
T SFA' 222+02° 244+06a 23101 232+05% 233+07% 234+03% 0.007
Cl6:1 n-7 41004 48+005° 38+004% 32+01° 31+01° 47+£01° <0.001
Cl18:1 n-9 (OA) 383+06° 343107 346 £07 33.1£05" 313+06" 343:02% 0.002
C18:1 n-7 2.8 002 2.9+002° 2.6£003 ™ 23:01° 22+01° 29£0.04° <0.001
C20:1 n-9 16£001° 15003 % 1.8+003° 12+01° 12:01° 15£0.04° <0.001
< MUFA* 47.7£05° 44507 43.9 07 40607 " 386+0.7" 444£02° 0.001
C18:2 n-6 (LA) 13202 11.8+03° 133£03% 18.1+05° 197 £0.5° 124+03° <0.001
C18:3 n-3 (ALA) 31+005° 25+01° 29+01° 27+01% 26+01% 2701 0.002
C18:4 n-3 0.6 +0.01 * 0.7£001° 0.5 001 ™ 0.4£003"° 04+0.02" 07 £0.01a <0.001
C20:4 n-6 03 001" 0.4 £ 001 ™ 0.4 001 04001 04 £0.01°* 04 £0.01° 0.025
C20:5 n-3 (EPA) 442017 58+0.1° 43201°% 41201° 41201° 57 +0.05° <0.001
C22:5 n-3 0.6 +0.02* 0.7 001 ™ 0.8 002" 0.5+001"° 05+0.02" 07 £0.01* <0.001
C22:6 n-3 (DHA) 32019 37+£01° 60+0.1° 59+02° 61+0.1° 44+01° <0.001
03 121+03° 138+02% 149+03° 139+03% 14.1+04%" 145+0.1° 0.001
= n-6' 14203 128+03° 145+03% 192+06° 209£05° 135+03° <0.001
% n-3/Zn-6 0.9+0.1° L1:02° 1.0 +0.004 ° 0.7 £002¢ 07 +£0.01¢ L1£0.02°% <0.001
EPA+DHA 7.6+£02° 95+02° 103+02° 100+02° 102£02° 101£0.1° 0.003
DHA/EPA 0.7 £0.01°¢ 0.6 +0.005 ¢ 1.4£002° 14£01° 15£0.03a 08 +0.01°¢ <0.001
< PUFA® 27.0£05° 27.6+£05" 29.9 £ 0.6 33.5+07° 354£09° 28903 <0.001

Fatty acids (g 100g™ WW)

C20:5 n-3 (EPA) 06+0.05° 0.8+003° 0.6 + 0025 0.5 +0.007 > 05+0.02°¢ 07+0.02° 0.001
C22:6 n-3 (DHA) 0.4+003°¢ 05+002°¢ 0.8+003° 0.8+003° 08+0.04° 06+0.02° 0.001
EPA+DHA 1.0 £008° 1.3£004° 1.3 %005 ° 1.3£002° 1.3 £0.06° 13£0.04° 0012

CTRL, Control diet; SARDINE, Sardine oil diet; SALMON, Salmon ol diet; ALGARAPE, Alga and Rapeseed oil diet; ALGASOY, Alga and Soybean oil diet; ALGABLEND, Algaessence diet; OA,
oleic acid; LA, linoleic acid; ALA, o-linolenic acid; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid. Values are presented as mean + standard deviation (n=4); Different superscript letters
represent significant differences p < 0.05.

!5 SFA, sum of saturated fatty acids, includes C10:0, C12:0, C14:0, C15:0, C16:0, C17:0, C18:0, C20:0, C22:05

2 ¥ 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;

3 % 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;

* £ n-6, sum of n-6 PUFA, includes: C18:2n-6, C18:3n-6, C20:2n-6, C20:3n-6, C20:4n-6;

5 ¥ 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.






