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This study raises the question of the potential long-term effects of a feeding pulse with diets containing algal biomass on the quality of frozen turbot (Scophthalmus maximus) fillets. A feeding trial was carried out with this aim, in which juvenile turbot were fed during 60 d with six different experimental diets, two of which were enriched with the macroalgae Ulva rigida (U diets), the other two with a microalgae blend (M diets), plus a non-supplemented control diet (CT), and finally, a commercial aquafeed (COM). Two inclusion levels were considered in algae-enriched diets (50 and 100 g kg-1) so that they were designed as U5 and U10 for U. rigida, and M5 and M10 for microalgae-enriched diets. The duration of the feeding pulse with the functional diets was 60 days, and then, all specimens were fed with a COM diet for a further 150-d period until reaching a body size close to the commercial standard (approximately 750 g). Subsequently, fish were sacrificed; fillets were removed from the pigmented flank and kept at -20 °C for 5 months. Then, fillets were thawed and the muscle proximal composition and fatty acid profile were analyzed, and fillet quality parameters were assessed during a 10-d co\ld storage period at 4°C. The possible deferred effects of algae-enriched diets on fillet quality were compared with a control diet without algae (CT) and with a commercial diet (COM). Roughly, the results obtained indicated that a 60-d administration pulse of algae-enriched diets induced some long-term changes in both the nutritional and organoleptic quality of turbot fillets. In this regard, the algae-enriched aquafeeds improved the muscle antioxidant response throughout the cold storage period, prolonging the shelf life of thawed turbot fillets. In addition, in terms of consumers’ acceptability, this feeding pulse on pre-growing stage of the productive cycle was able to modify the skin and muscle pigmentation of fish of commercial size. Namely, the U10 diet increased the protein content, improved muscle texture, reduced fillet total lipid content, and favored muscle selective retention of n-3 polyunsaturated fatty acids. On the other hand, the strategy based on the early administration of a diet rich in fishmeal (CT) for 60 d, followed by feeding with commercial feed, also affected positively the quality of fillets, with values comparable to U10 specimens. Thus, the results obtained indicate that a two-month feeding pulse with algae-supplemented diets during pre-growing phase may represent a promising strategy to improve the nutritional and organoleptic quality of frozen turbot fillet, as well as to extend their shelf life during the post-thawing cold storage.
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Introduction

Fillet quality attributes and commercial shelf life not only rely on fish species-specific factors but also on the utilization of commercial additives aimed at delaying fish deterioration throughout cold storage (Kumar et al., 2015). Both microbiological and biochemical phenomena jeopardize the quality of the final product, and therefore, they represent the target for most food additives (Nakazawa and Okazaki, 2020). However, the utilization of chemically synthesized substances is restricted not only by legal regulations but also by the low acceptability of additives by consumers. The consequence is that a scarce array of such preservatives is available for the seafood industry, whereas novel processed fish formats are increasingly present in the market, not least those involving extended storage periods. In this regard, frozen fish involve long-term storage, in which biochemical deterioration is still possible. Namely, lipid peroxidation and protein degradation are among the most known phenomena that can alter the quality of frozen fish (Erkan and Yeşiltaş, 2014). Scarce research has been conducted aimed at controlling oxidative deterioration in frozen fish based on dietary strategies, and therefore, there is plenty of room for innovation in this field. The utilization of functional aquafeeds enriched with natural bioactive additives included at a low percentage (less than 10%) represents a promising strategy in this context.

Among the potential additives with this purpose, plant extracts, prebiotics, and algae stand out, all of them with potentially valuable physiological effects on fillet pigmentation or lipid oxidation (Bharathi et al., 2019). In this context, algae (macro- and microalgae) are rich in a wide variety of bioactive compounds, such as carotenoids and polyphenols among others, which provide remarkable antioxidant and antimicrobial activities (Ghosh et al., 2022). Thus, several studies have pointed out the potential of algae as natural preservatives for fish products (Halldorsdottir et al., 2014; Sáez et al., 2021).

On the other hand, turbot (Scophthalmus maximus) is emerging as a suitable candidate when it comes to diversifying fish species in Southern European aquaculture. Owing to their leanness, this flatfish species can be marketed both as fresh or frozen, since a high lipid content is regarded as a major constraint for frozen storage. To date, the potential effects of functional aquafeeds on objective quality parameters in turbot remains virtually unexplored.

The so-called “nutraceutical” aquafeeds would be indicated to be administered at the end of the production cycle (finishing feeds), given that dietary changes are rapidly reflected in fillet quality parameters (Grigorakis et al., 2002; Suárez et al., 2010). However, the inclusion of such supplements in finishing diets (a period in which huge amounts of feeds are consumed on farm), might be questionable so that increased feeding costs could outweigh any potential improvement in the quality attributes of fish. Therefore, an alternative strategy virtually unexplored might involve the utilization of feeds supplemented with additives just at earlier stages of the production cycle (namely, juvenile fish), with the aim of further obtaining certain valuable characteristics in fish once the commercial size is reached. This is, a sort of “deferred effect” of functional feeds after discontinuing the administration, which is expected to persist at later stages of the production cycle, would reduce feeding costs since a less amount of feed is required at early periods of the production cycle. This kind of effect has been suggested recently (Sáez et al., 2020).

In this context, this study explores whether a dietary pulse with aquafeeds enriched with an Ulva rigida meal or a blend of microalgae at a low inclusion level during a 60-d period in the pre-fattening stage (60 d) could influence the quality parameters of frozen fillets obtained from the turbots of commercial size, as well as modify the extension of their shelf life after thawing.



Materials and methods


Algae biomass and experimental diets

A blend of freshwater and marine microalgae provided by the company LifeBioencapsulation S.L. (Spin-off;  Universidad de Almerıá, Almería, Spain) was used. U. rigida was cultivated at the facilities of Planta de Cultivos Marinos El Bocal (Instituto Español de Oceanografía-CSIC, Santander, Spain), in an outdoor closed system equipped with 1500 L-horizontal semicylindrical tanks with aeration. Ulva biomass was grown in natural seawater enriched with an f/2 medium and 1.8-mM nitrate and 0.1-mM phosphate, under a natural photoperiod. Seaweed was harvested, rinsed with tap water, dried at 30°C, and stored in a cold chamber.

Five isonitrogenous (50.5% crude protein on a dry-weight basis, DW) and isolipidic (16.5% crude lipid DW) experimental feeds were elaborated; two of them contained 50 and 100 g kg-1 of a microalgae mixture (designated as M5 and M10, respectively); the other two included 50 and 100 g kg-1 of a U. rigida meal (U5 and U10, respectively), and a fifth diet, algae-free, was used as a control batch (CT). In addition, a commercial feed (COM), specific for this species, was also included in the feeding trial. The proximal composition and fatty acid profiles of all diets are shown in Tables 1, 2, respectively.


Table 1 | Ingredient composition of the experimental diets.




Table 2 | Fatty acid (FA) profile of the experimental aquafeeds (% of total FAs).



Experimental diets were manufactured at Ceimar-Universidad de Almería facilities (Servicio de Piensos Experimentales, http://www.ual.es/stecnicos_spe) (Almeria, Spain) using standard aquafeed processing procedures. Briefly, feed ingredients and algal biomass were mixed together, and then, water was added to the mixture (up to 300 g kg-1) to make up homogeneous dough in a vertical helix ribbon mixer (Sammic BM-10, Sammic, Azpeitia, Spain). The dough was passed through a single-screw laboratory extruder (Miltenz 51SP; JSConwell Ltd, Palmerston North, New Zealand) to obtain 5-mm-diameter pellets. The extruder barrel consisted of four sections and the temperature profile. In each segment (from the inlet to outlet) was 90°C, 92°C, 95°C, and 105°C, respectively. The feeds were dried (30°C, 24 h) in a 12-m3 drying chamber with forced-air circulation (Airfrio, Almería, Spain), and stored at -20°C until use.



Fish maintenance and experimental design

The feeding trial was carried out at the aquaculture facilities of Planta de Cultivos Marinos El Bocal (Santander, Spain), Instituto Español de Oceanografía (IEO-CSIC). All experimental procedures complied with the Guidelines of the European Union (Directive 2010/63/EU) and the Spanish regulations (Real Decreto 53/2013, as amended by RD 118/2021) on the protection of laboratory animals. A total of 306 turbot juveniles (26.38±7.55 g initial body weight) were randomly distributed in 500-L tanks (triplicate tanks per dietary treatment), but only 180 specimens were withdrawn for this study (6 dietary treatments × 3 tanks per treatment × 10 fish per tank).

Fish were fed with a commercial feed (COM diet) during a 30-d acclimation period prior to the beginning of the feeding trial. Afterwards, the experimental diets were offered at a 4% feeding rate twice per day until triplicating the initial body weight. The feeding trial was carried out in an open-flow circuit, keeping the seawater renewal rate (35‰ salinity) at 500 L h−1 and ammonia and nitrite values (<0.1 mg L-1) suitable for turbot culture. Animals were kept under a 16:8 (light:dark) photoperiod, and the water temperature was kept at 18.4±1.2°C. Light intensity ranged from 100 to 150 lux. Tanks were equipped with aerators to maintain an adequate level of oxygenation (above 6 mg L-1).

After the acclimation period, experimental diets were administrated for 60 days using the same feeding protocol. Afterwards all specimens were fed with COM diet for a further 150-d period, until reaching a size close to the commercial standard (approximately 750-g average body weight). Subsequently, 10 fish per tank (30 animals per dietary treatment) were withdrawn, individually weighed and measured, and killed by anesthetic overdose (200 mg L-1 clove oil; isoeugenol) followed by spine severing. Animals were photographed, and fillets were removed immediately from the pigmented flank (the skin was kept), packed in transparent sterile polyethylene bags, and stored at -20°C for 5 months. After that period, fillets were thawed and the muscle proximal composition and fatty acid profile were analyzed. With the aim of assessing changes in quality parameters throughout the shelf life in cold storage (4°C), samples were taken at each of the following sampling times: 1, 3, 6, 8, and 10 days (six fillets per dietary treatment and sampling time). Lipid oxidation, texture profile analysis (TPA), pH, water- holding capacity (WHC), and skin and flesh pigmentation were determined.



Fillet proximate composition and fatty acid profile

    
The proximate analysis (dry matter, ash, and crude protein, Kjeldahl N × 6.25) of aquafeeds and muscle samples were determined according to AOAC (2000) protocols. Lipids were extracted following Folch (1957) methodology using chloroform/methanol (2:1 v/v) as a solvent, and the total lipid content was calculated gravimetrically. The fatty acid profiles of diets and muscle samples were determined by gas chromatography (Hewlett Packard, 4890 Series II, Hewlett Packard Company, Avondale, PA, USA) according to Rodríguez-Ruiz et al. (1998), using a modification of the direct transesterification method described by Lepage and Roy (1984) that requires no prior separation of the lipid fraction. From the data on the FA profile, the atherogenicity index (AI) and the thrombogenicity index (TI) were calculated according to Senso et al. (2007). The value of flesh lipid quality (FLQ), which indicates the ratio of EPA and DHA to total FAs, expressed as percentage, was determined as indicated in Suárez et al. (2015).



Lipid oxidation

Fillet lipid oxidation was assessed by thiobarbituric acid–reactive substances (TBARS) analysis, according to Buege and Aust (1978). Briefly, muscle samples (5 g each) were homogenized in 4 ml of 50 mM NaH2PO4, 0.1% (v/v) Triton X-100 solution. The mixture was centrifuged (10,000 g, 20 min, 4°C) and supernatants were mixed in a 1:5 (v/v) ratio with a 2-thiobarbituric acid (TBA) reagent [0.375% w/v TBA, 15% w/v trichloroacetic acid (TCA), 0.01% w/v 2,6-dibutyl hydroxytoluene, BHT, and 0.25 N HCl]. The mixture was heated (100°C) for 15 min, then centrifuged (3,600 g, 10 min, 4°C), and the absorbance of supernatants was measured at 535 nm. The amount of TBARS was expressed as milligrams of malonyl dialdehyde (MDA) per kilogram of muscle after comparing with the MDA standard.



Texture profile analysis

The texture of fillets obtained from the pigmented flank was measured by the compression of the anterior area to the dorsal fin, above the lateral line of fillets using a Texture Analyzer (TXT2 plus “Stable Micro System”), equipped with a load cell of 5 kN, controlled with Texture Expert Exceed 2.52 software (Stable Micro Systems, Surrey, England). Fillet samples were subjected to two consecutive cycles of 25% compression, with 5 s between cycles, in which a 20-mm cylindrical probe was used for pressing downwards into the fillet at a constant speed of 1 mm/s. The textural parameter hardness (maximum force required to compress the sample), springiness (ability of the sample to recover its original form after removing the deforming force), cohesiveness (extent to which the sample could be deformed prior to rupture), gumminess (force needed to disintegrate a semisolid sample to a steady state of swallowing), chewiness (the work needed to chew a solid sample to reach a steady state of swallowing), and resilience (how well a product fights to regain its original position) were calculated as described in Bourne (1978).



pH and water-holding capacity

Flesh pH was determined in the dorsal muscle by means of a penetration electrode (Crison, model GLP 21; sensitivity 0.01 pH units) as described in Suárez et al. (2010). The water-holding capacity (WHC; expressed in percentage) was calculated from the small cubes (1 cm3) of the anterior part of the dorsal muscle as the difference between the initial percentage of water and the percentage of water released after centrifugation, as detailed in Suárez et al. (2010).



Instrumental color measurement

Color was measured on the skin and muscle sides of fillets (three independent determinations on each side and sampling time) by the L*, a*, and b* system (CIE, 1986), using a Minolta Chroma meter CR400 device (Minolta, Osaka, Japan). The parameter brightness (L*, on a 0–100-point scale from black to white), redness–greenness (a*, estimates the position between red, positive values, and green, negative values), and yellowness (b*, estimates the position between yellow, positive values, and blue, negative values) were determined.



Statistics

The effect of the categorical variables “diet,” “storage time,” “additive,” and “dose” as well as their interactions were determined for each numeric parameter studied by fitting a generalized lineal statistical model (GLM analysis) that relates measured parameters to predictive factors, using specific software (SPSS 22, IBM Corporation Inc.). Least squares means were tested for differences using Fisher’s least significant difference (LSD) procedure. Unless otherwise is specified, a significance level of 95% was considered to indicate statistical difference (P < 0.05). When measurements were expressed as a percentage (e.g., fatty acids profile), the arcsine transformation of their square root was carried out in order to normalize data prior to the statistical analysis.




Results


Proximal composition and fatty acid profile of fillets

Results obtained indicated that a 60-d discontinued administration with algae-enriched diets in prefattening phase induced some long-term changes in the fillet chemical composition (Table 3). Although considering data as a whole, the variables “additive” (microalgae or U. rigida) and “dose” (5% and 10%) did not affect this parameter; nevertheless, specimens fed on CT and U10 diets showed increased muscle protein content, while the lowest values for protein were found in the M10 treatment (P=0.004). Significantly higher lipid values were found in M10 and U5 batches compared to CT and U10 lots (P < 0.001). In this case, the algae source influenced muscle lipid contents, with higher values in specimens fed with microalgae-enriched diets (P=0.021), regardless of the dose administered (M5 or M10). Ash and moisture contents were not influenced by dietary treatments.


Table 3 | Effects of the dietary inclusion of algae-enriched additives on the muscle proximal composition of Scophthalmus maximus thawed fillets (% fresh weight).



With regard to the fatty acid (FA) profile (Table 4), roughly, certain effects were observed, owing to the early-state algae supplementation. Specifically, CT and U10 fillets showed increased saturated (ΣSFA) and polyunsaturated (ΣPUFA) contents, whereas the lowest values for both categories were found in the M10 batch. Conversely, M10 fillets yielded higher values of monounsaturated (ΣMUFA) fatty acids, particularly of 16:1n7 and 18:1n9. SFA and MUFA contents were also influenced by the source of algal biomass, and thus Ulva-enriched diets increased the relative values of SFAs (P=0.009), whereas microalgae-containing diets caused higher values of MUFAs (P= 0.047).


Table 4 | Effects of the dietary treatments on the fatty acid (FA) profile of turbot thawed fillets (% of total FAs).



Regarding PUFAs, and in particular the n3-PUFA series, the highest values were obtained in U10 fillets, whereas in the case of n6-PUFA, no significant differences were observed among dietary treatments. Roughly, the feeding pulse with U10 and CT diets caused a long-term effect on the fillet n3/n6 ratio (P < 0.001). EPA and DHA contents were significantly higher in CT and U10 samples (P < 0.001), both experimental batches also yielding a higher lipid quality index (FLQ) than the rest of groups. On the contrary, the lowest values for this parameter were found in the M10 lot. The rest of lipid-related indices (AI and TI) were not affected by algae-enriched diets at the end of the turbot production cycle.



Lipid peroxidation

Changes in TBARS contents observed in defrosted turbot fillets during cold storage at 4°C are shown in Figure 1. Roughly, muscle lipid oxidation indicated differences attributable to the factors dietary treatment, storage time, and their interactions. However, neither additive source (P = 0.356) nor dosage (P = 0.587) influenced the oxidative status of muscle lipids. TBARS content increased markedly over time in all the experimental lots (P < 0.01); however, from the beginning of the post-thawing period, the highest values for this parameter were found in fish fed with a COM diet (P < 0.01) consistently throughout the complete period. On the other hand, all the algae-enriched diets, irrespectively of the inclusion level, were responsible for fillets with a significantly higher antioxidant response than CT from day 6 onwards (P < 0.01).




Figure 1 | Time course of muscle lipid oxidation [estimated as the thiobarbituric acid-reactive substances (TBARS) content] of defrosted turbot fillets throughout a 10-d cold (4°C) storage period. CT: algae-free control diet; M5 and M10 stand for a microalgae blend included at 5% and 10%, respectively. U5 and U10: diets containing 5% and 10% Ulva rigida, respectively; COM: commercial aquafeed. Values are expressed as average±standard deviation (SD) (n = 6).





TPA analysis

The effects of the dietary treatments on fillet textural parameters are summarized in Figure 2 and Table 5. Overall, diets and the storage time contributed to changes in hardness, cohesiveness, gumminess, chewiness, and resilience parameters. The additive source (microalgae vs. U. rigida) caused changes in cohesiveness, gumminess, chewiness, and resilience parameters, while cohesiveness and resilience attributes showed a dose-dependent effect. Concerning fillet hardness (Figure 2), COM fillets yielded lower values for this parameter during the complete post-thawing storage (although differences were not significant at 10 days post-thawing) compared with the rest of dietary treatments, especially with CT, U10, and M5 batches (P < 0.01). Fillet hardness decreased in all the experimental lots throughout the post-thawing cold storage (P<0.01), although differences with respect to initial values did not reach statistical significance in M5, M10, and U5 lots (P = 0.324, 0.657, and 0.521, respectively). Roughly, gumminess and chewiness displayed a tendency similar to that observed for hardness, whereas figures for cohesiveness and resilience were generally higher (with some exceptions) in specimens fed with U5 diet feeding-pulse. Finally, neither diet nor fillet storage time caused a long-term impact on fillet springiness.




Figure 2 | Time course of the hardness of defrosted turbot fillets throughout a 10-d cold (4°C) storage period. CT: algae-free control diet; M5 and M10 stand for a microalgae blend included at 5% and 10%, respectively. U5 and U10: diets containing 5% and 10% U. rigida, respectively; COM: commercial aquafeed. Values are expressed as average±SD (n=6).




Table 5 | Changes in texture profile analysis parameters in turbot thawed fillets during a 10-d cold storage (4°C) period.





pH and water-holding capacity

With regard to muscle pH, dietary treatments and the storage time were responsible for significant differences in this parameter (P < 0.01 and P < 0.01, respectively, Figure 3). On the other hand, neither the algal source nor the dosage had an impact on fillet pH values (P = 0.709 and 0.240, respectively). The administration of M10 and COM diets during the pre-fattening stage resulted in significantly higher muscle pH values up to 6 days post-thawing, whereas CT fish yielded the lowest pH values up to day 6 of the storage period. On the other hand, WHC measured in fillets during the post-thawing period (Figure 2B) showed no differences attributable to any of the variables studied (diet, storage time, additive source, dose, and their interactions).




Figure 3 | Time course of changes in pH (A) and WHC (B) of defrosted turbot fillets during a 10-d cold storage period. CT: algae-free control diet; M5 and M10 stand for a microalgae blend included at 5% and 10%, respectively. U5 and U10: diets containing 5% and 10% U. rigida, respectively; COM: commercial aquafeed. Values are expressed as average±SD (n = 6).





Instrumental color measurement

With regard to instrumental color determinations (Figure 4), a certain long-term influence of the dietary treatments was observed for the different color parameters measured on both sides (skin and flesh) of turbot fillets. Thus, fillets from the ocular (pigmented) side showed significant differences during the cold storage period for the parameters a* and b* attributable to the factors dietary treatment, dose, and additive source. Roughly, specimens temporarily fed with algae-containing diets showed higher greenness (lower a*) and higher yellowness (higher b*) than animals fed with CT and COM fillets. No changes in lightness (L*) could be attributed to diet, storage time, or additive dosage. Fillet brightness was influenced only by the algal source, yielding U5 and U10 lots overall higher values (P = 0.045) than the rest of batches.




Figure 4 | Time course of changes in L* (A), a* (B), and b* (C) skin color parameters of defrosted turbot fillets during a 10-d cold storage period. CT: algae-free control diet; M5 and M10 stand for a microalgae blend included at 5% and 10%, respectively. U5 and U10: diets containing 5% and 10% U. rigida, respectively; COM: commercial aquafeed. Representative images of turbot specimens (D) subjected to the different experimental diets are shown. Values are expressed as average±SD (n = 6).



With regard to the a* parameter, M10 and U10 fillets showed higher greenness skin pigmentation after 6 days post-thawing, this measurement being influenced by the additive dosage (the higher the dose, the lower the a* values, P = 0.02) and additive source (lower values observed for fish fed with U. rigida-enriched diet, P <0.01). On the other hand, the post-thawing storage time was responsible for the loss of the greenish skin tone in all batches, this decrease being significant in those specimens fed with CT, M5, and COM diets. The parameter b* was also affected by all the variables studied (storage period, additive source, and dose). Overall, the dietary pulse with algae-enriched diets increased b* values in turbot skin, this rise being dose-dependent (P = 0.031) and higher for U5 and U10 diets (P = 0.002). In addition, the storage time reduced b* values in all the batches, but differences were significant only in CT, M5, and COM batches.

On the other hand, the flesh (muscle) side of turbot fillets was also influenced by the experimental factors considered (Figure 5). In this context, changes in L* values did not follow a clear tendency attributable to the long-term effects of the dietary treatments, although some significant differences were observed among the different groups. Roughly, flesh brightness tended to increase over the storage time, but no solid effects could be observed among groups. The parameter a* showed negative values for all batches, indicating a slight greenish coloration in the turbot muscle, which increased significantly during the post-thawing period. Among dietary treatments, roughly, the higher the dose tested, the higher the muscle color (P < 0.001). Comparing microalgae vs. U. rigida (Figure 5B), no impact was observed on a* values. Finally, negative values (slightly bluish tones) were observed for the parameter b* (Figure 5C) at the initial sampling point, which turned to positive values (slightly yellowish) after 6 days post-thawing in all the experimental groups. With some exceptions, no clear differences attributable to diet were observed, although b* values tended to be lower for fish fed with algae-enriched diets compared to the COM lot. On the other hand, neither the variables additive nor dose influenced this color parameter (P = 0.548 and 0.457, respectively).




Figure 5 | Time course of changes in L* (A), a* (B), and b* (C) flesh color parameters of defrosted turbot fillets during a 10-d cold storage period. CT: algae-free control diet; M5 and M10 stand for microalgae blend included at 5% and 10%, respectively. U5 and U10: diets containing 5% and 10% U. rigida, respectively; COM: commercial aquafeed. Values are expressed as average±SD (n = 6).






Discussion

Turbot (S. maximus) is a marine flatfish from European coastal waters with a high commercial value (Cai et al., 2015), appreciated for the lean, white, and firm flesh, with an excellent aptitude for industrial processing and freezing. The demand of turbot has been increasing in the last decade, and the market is supplied by both fishery and fish farming. Traditionally, turbot was sold as whole fish, but currently, turbot fillets, either fresh or frozen, have become a more convenient product, this also enhancing the added value of the species. Frozen storage, compared to other long-term preservation strat-gies, yields an excellent balance between the prolongation of the storage time (this also enables long haul transportation), and the persistence of the physicochemical and organoleptic characteristics of fish, in such a manner that quality differences between fresh and frozen fish are nowadays becoming less and less pronounced.

However, during frozen storage, some chemical deterioration remains uninterrupted, not least that related to fish lipid and protein fractions. Among the strategies available aimed at preventing this chemical degradation, the most widespread are represented by the utilization of food additives, not least, antioxidants. However, consumers’ aptitude against chemically synthesized additives is encouraging the search for natural alternatives. In this regard, algae (both macro and microalgae) emerge as valuable, but yet almost unexplored, sources of bioactive compounds with theoretical potential to reduce the quality losses of fish when added as food additives (Sáez et al., 2021). In this scenario, a novel strategy consists of the inclusion of algae bioactive compounds with potential effects on fish quality as feed additives, instead of using them as food additives. In other words, the aim is the use of algae-enriched aquafeeds with the purpose of influencing the quality of fish “from within the animals.” Most of the studies performed in this regard have dealt with the short-term effects of finishing diets at the end of the fattening period on the characteristics of fish (Teimouri et al., 2013; Moroney et al., 2015; Moroney et al., 2016; Valente et al., 2016). However, it has recently been reported (Sáez et al., 2020) that a feeding pulse at earlier stages of the production cycle (namely, pre-fattening) can also influence fillet quality, at least in some flatfish species. Interestingly, even if the administration had been discontinued, certain effects remained at latter stages of the production cycle in that study.

It is well known that feeding plays a key role in the quality of fillets (Matos et al., 2017), owing to the fact that variations in diet are very quickly reflected in the proximal composition of farmed fish (Suárez et al., 2010). In agreement, the inclusion of algae as a feed additive (less than 10% inclusion level) in aquafeeds affects muscle proximal composition (Wan et al., 2017). Short-term supplementation with Ulva sp. increased the muscle protein content in tilapia (Oreochromis niloticus; Azaza et al., 2008; Ergun et al., 2008) and rainbow trout (Oncorhynchus mykiss; Yildirin et al., 2009). The results found in this study (Table 3) also point to such effects, especially for the U10 diet, but with the caveat that in our case, the supplementation did not take place close to slaughtering but at an earlier stage of rearing (for just 60 d during the pre-fattening stage). Since this effect was not observed for COM or U5 specimens, it also suggests a certain dose-dependent effect.

With regard to microalgae, the results obtained showed a higher protein content in M5 fillets compared to the M10 batch, which indicate, on the contrary, a lack of dose-dependent effect difficult to explain. Nevertheless, the literature is inconclusive in this respect, and thus, a 5% dietary inclusion of Nannochloropsis gaditana did not modify the muscle composition in turbot (Qiao et al., 2019), Senegalese sole (Vizcaíno et al., 2018), and gilthead seabream (Sales et al., 2021; Sáez et al., 2022) juveniles, but others have reported an increased muscle protein content attributable to microalgae supplementation (Galafat et al., 2020; Perera et al., 2020).

On the other hand, it is worth mentioning that CT fillets (fed with an algae-free diet designed in our laboratory) showed the highest protein content with respect to those fed during the entire feeding trial with COM feed, this fact suggesting that there is still room for improvement in the design of specific diets for this species. A possible explanation for these differences between both algae-free diets would be related to the digestive bioavailability of dietary protein (both diets were isonitrogenous), which is higher for fishmeal (abundant in the CT diet) than for plant protein sources (although not completely known, it is assumed that COM outweighs CT in this regard). Not only in this case, but likely in others involving differences in muscle composition, a dissimilar bioavailability of nutrients among macro- and microalgae sources might account for such dissimilarities, a fact that introduces the need to evaluate at a species-specific level their digestibility and bioavailability (Shah et al., 2018).

Concerning the lipid content, all batches showed values less than 3.5% (fresh matter), within the range for lean fish species such as turbot (Grigorakis, 2017). However, some long-term effects on lipids were observed due to the discontinued feeding with the experimental diets (Table 3). In this sense, lipid deposition in muscle was higher in fish fed with the M10 diet, in agreement with the results described by Abdel-Tawwab and Ahmad (2009) and Perera et al. (2020) for microalgae-containing diets. However, a contrasting effect was observed in U10-thawed fillets, which, together with CT group, yielded a low muscle lipid content. Results in this line have been reported in other studies assessing diets enriched with less than 10% of Ulva sp. biomass (Ergun et al., 2008; Yildirin et al., 2009; Nisha et al., 2014). Although not completely ascertained, decreased lipid deposition in muscle has been attributed to the high vitamin C content of Ulva sp. meal (Garcia Casal et al., 2007). However, the low inclusion level considered in our diets cast doubts on the role of this specific substance, and it is likely that further bioactive compounds from algae might have influenced fish lipid metabolism and, therefore, muscle lipid deposition.

Regarding the deferred effects of diets on muscle lipid metabolism, this phenomenon was observed with a 5% U. ohnoi feeding pulse on Senegalese sole (Sáez et al., 2020) but not in the present study at this inclusion level (U5 lot). Several variables might well have influenced the differences observed between both studies: i) a longer duration of the feeding pulse (90 d vs. 60 d) and ii) a species-specific effect, since both fish and algae species were different.

In terms of lipid quality, the muscle fatty acid profile is directly influenced by the characteristics of feedstuffs (Turchini et al., 2009; Tocher et al., 2019). The progressive replacement of fishmeal by plant ingredients may lead to an overuse of n6-FA in certain feeding formulae, this yielding increased n6-PUFA content in fish muscle (mainly LA, 18:2n-6) and, therefore, a lower n-3/n-6 ratio compared to wild specimens, a fact that implies a certain decrease in the nutritional quality of the lipid fraction (Turchini et al., 2009). In agreement, continuous administration of the COM diet in our study confirmed a significant modification of the fatty acid profile, decreasing the n3-PUFA content, in agreement with the results of Xu et al. (2021) for turbot continuously fed with plant-based diets. On the other hand, several advantages have been described for the utilization of aquafeeds enriched with algae biomass at a low inclusion level (less than 10%), and thus, Sprague et al. (2015) and Kousoulaki et al. (2016) reported that Schizochytrium sp. biomass (at 5.5 and 1.5%, respectively) increased DHA and EPA contents in Atlantic salmon. Seabream (Sparus aurata) juveniles fed for 90 d with a low dietary level of Tisochrysis lutea also showed increased muscle n3-PUFA (Vizcaíno et al., 2016). Not only microalgae but also macroalgae can increase n3-PUFA, as found in previous studies with Ulva-containing diets (Valente et al., 2016; Vizcaíno et al., 2019). This sort of n3-PUFA-selective retention for algae-enriched diets has been attributed to both the structural function of these FA and to certain effects (not yet fully ascertained) of algal bioactive compounds on fish lipid metabolism (Perera et al., 2020).

With regard to long-term effects in this study, roughly speaking, microalgae-enriched diets (M5 and M10) did not cause changes in fillet n3-PUFAs at the end of the assay (Table 4). In contrast, U. rigida–enriched diet at the highest dose assayed (U10) resulted in a long-term increase of SFA, n3-PUFA, EPA, and DHA in turbot fillets. These results are in line with those observed after a discontinued feeding pattern during 90 d in Senegalese sole) with a diet enriched with 5% U. ohnoi (Sáez et al., 2020). The increase in EPA and DHA contents is also responsible for the higher lipid quality index (FLQ) found for CT and U10 batches in this study, despite the lower total lipid content in fillets (Table 4). Not only was discontinued feeding with U10 diet able to increase n3-PUFA in fillets, but an algae-free diet (CT) also caused a similar effect. However, it should be borne in mind that, even if not enriched with macro- or microalgae biomass, a CT diet is rich in fishmeal and fish oil, which obviously have plenty of n3-PUFA.

Lipid peroxidation is one of the main concerns during fish frozen storage, especially with regard to long-chain PUFA (Karlsdottir et al., 2014; Ojagh et al., 2014). TBARS values in all the experimental groups at day 1 post-thawing after a 5-month frozen storage (Figure 1) were very low (between 1.2 and 1.4 mg MDA kg-1). After 10 days post-thawing at 4°C, even if the values increased significantly in all groups, they persisted below 3 mg kg-1 in all cases, which are considered of perfect quality for human consumption (Ozden and Erkan, 2006). Undoubtedly, the leanness of turbot has accounted for these values, and they also confirm the aptitude for the frozen storage of flatfish in general. It is remarkable that COM fillets, obtained from specimens fed continuously for 7 months with a COM, showed the highest level of lipid oxidation during the 10 days of post-thawing cold storage, compared to the rest of the groups. The effects of dietary changes on this specific quality parameter in turbot fillets is virtually unexplored, although the results reported by Xu et al. (2021) pointed out that MDA measured in the serum of turbot juveniles fed with a diet rich in ingredients of plant origin was significantly higher than that measured in fish fed with fishmeal and fish oil, a fact that would likely be reflected in muscle as well.

Although the inclusion of algae biomass in diets did not determine differences at the time of thawing, an evident effect was attributable to algae enriched-diets (M5, M10, U5, and U10) during the post-thawing cold storage (Figure 1). There is plenty of evidence in the literature pointing to the antioxidant effects of algae, attributed to compounds such as pigments, vitamins, and polyphenols (Halldorsdottir et al., 2014; Wells et al., 2017; Sáez et al., 2021). Similar results were obtained following a comparable administration schedule of a diet supplemented with 5% U. ohnoi in Senegalese sole (Sáez et al., 2020). In addition to the COM group, in the rest of experimental batches, differences become significant from day 6 post-thawing onwards between CT and algae-containing diets, this fact suggesting a remarkable and persistent protective effect of all the algae-enriched experimental aquafeeds against lipid oxidation.

Fillet texture is an important attribute that determines the consumers’ acceptance of farmed fish, so that fillet softness leads to commercial depreciation (Nagappan et al., 2021). Fish hardness decreases after long-term frozen storage, owing to both the freezing process itself and to the fact that some proteolytic processes continue even at low temperatures (Sáez et al., 2015; Nakazawa and Okazaki, 2020). The results obtained in this study (Figure 2) are in agreement with this idea, given that hardness immediately after thawing, even if high compared to other lean fish species, was still lower than that described for fresh turbot (Wijerah et al., 2020). As expected, fillet hardness decreased during post-thawing cold storage, irrespectively of the dietary treatment, as a result of the biochemical changes leading to the relaxation of the muscle structure (Delbarre-Ladrat et al., 2006). However, clear differences among the experimental groups could be observed, and thus, the inclusion of 10% U. rigida (U10) for 60 d resulted in higher fillet hardness compared to the rest of algae-enriched diets (U5, M5, and M10) immediately after thawing. CT fillets yielded similarly high firmness than U10, whereas the COM batch showed the lowest values for this parameter.

The improvement observed for U10 and CT for this textural parameter might well be explained by the already-mentioned lower fillet lipid content in both batches (Table 3), given that it is known that the higher the lipid content in muscle, the lower the firmness (Thakur et al., 2003). In this line, the higher lipid content in M10 and U5 batches (Table 3) could also explain their lower firmness (Table 5). There is not extensive literature available on the effects of dietary changes on the textural parameters of turbot fillets, but the results found, roughly, are similar to those reported previously (Sáez et al., 2020). In other fish species (Regost et al., 2003; Mørkøre, 2006; Xu et al., 2016) the substitution of fish oil by plant oils can negatively affect fillet hardness, although a recent study (Xu et al., 2021) did not find significant differences in turbot fillet texture among the control group and groups alternating plant and marine sources. The alteration of lipids during the freezing process leads to the formation of free fatty acids (de Koning and Mol, 1991), especially in lean species, which, together with already oxidized lipids, can enable protein denaturation processes (Mackie, 1993; Sotelo et al., 1995). This phenomenon might well explain the poor values for textural parameters in COM fillets (Figure 2), since this experimental batch also showed the highest values for lipid oxidation (Figure 1).

Fillet pH is a valuable index that provides information on the muscle condition. During post-thawing cold storage, values ranged from 6.0 to 6.8, thus indicating an optimum condition of thawed fillets even after 10 days of post-thawing cold conservation (Figure 3A). In addition, the initial pH values of CT, M5, and U10 batches were lower than the rest, with no significant differences among the lots from 8-d post-thawing onwards. It is usual that pH values increase during storage as a result of the formation of alkaline compounds from the metabolism of bacteria (Goulas and Kontominas, 2007). Bacterial proliferation also leads to lower hardness since the proteolytic enzymes of these microorganisms can affect the structure of the muscle. Again, the high values of hardness observed in CT, U10, and M5 groups (Figure 2) could be related to the low pH values measured in these fillets (Figure 3A).

With regard to WHC, no clear differences attributable to dietary treatments or post-thawing storage period could be observed. This parameter decreases during fish cold storage since it reflects both the mechanical damage in muscle tissue and protein denaturation taking place during muscle deterioration (Duun and Rustad, 2007). The values in this study were felt within the range between 60% and 66% (Figure 3B), which are considerably high taking into account that these fillets were kept frozen for 5 months. This fact, together with the stability of values throughout the post-thawing cold storage period irrespectively of the dietary treatment, reflects again the excellent aptitude for the freezing of this species.

The literature has confirmed that feeding fish with algae-enriched diets can modify the skin pigmentation of farmed fish (Nagappan et al., 2021). In this respect, as mentioned above, both macro- and microalgae are natural sources of pigments with a valuable potential to provide farmed fish with more attractive tonality, thus increasing their marketability (Posten and Schaub, 2009). As also mentioned above, commercial aquafeeds are rich in ingredients from plant origin that are responsible for the poor coloration of fish, compared to wild individuals, which include a wide variety of marine natural ingredients in their diet. A feasible strategy to recover attractive pigmentation in farmed fish might well be the inclusion in the feeding formulae of the most important primary source of natural pigments in the marine trophic chain, that is, algae. Particularly, the high content of chlorophylls, xanthophylls, and phycocyanins reported for Ulva sp. (Stengel et al., 2011; Moroney et al., 2016) might have accounted for changes in some color attributes found in this study. Not only macroalgae but also microalgae have been responsible for changes in color attributes in numerous fish species (Teimouri et al., 2013; Abdulrahman and Ameen, 2014; Cardinaletti et al., 2018). However, the results in the present study have been modest in comparison with many of them. Undoubtedly, the discontinued feeding carried out in this work, compared to finishing or long-term trials performed in previous studies, have accounted for the limited effects observed. Even so, algae-enriched diets improved green and yellow tonalities (Figure 4), especially in U10 fillets, compared to CT and COM batches. Similar long-term results were also described previously (Sáez et al., 2020), suggesting that pigments from algae are selectively retained in flatfish skin chromatophores for a prolonged period of time.

With regard to the flesh side of fillets, turbot muscle is recognized for its whiteness (Roth et al., 2009), with a clear tendency to evolve to a pale yellowish color as storage progresses. A certain impact has also been observed in this side as a result of the dietary pulse considered in this study, which can be summarized as the emergence of a very slightly teal tonality in muscle as a result of the inclusion of any of the algal sources. On the contrary, COM-fed animals yielded fillets that tended to be yellowish, a fact likely associated with greater lipid oxidation (Thanonkaew et al., 2006; Sáez et al., 2014).

However, as mentioned above, strictly from the point of view of profitability, it is unlikely that increased cost linked to the utilization of finishing diets enriched with a low-to-moderate level of algae would be worthy in terms of color improvement. On the contrary, considering that a feeding pulse with algae-containing diets at early stages of the production cycle is relatively affordable, even if the impact observed on color is modest, nevertheless, the beneficial effects observed in terms of the fillet texture, lipid profile, and oxidative status might well justify their inclusion in commercial diets.

It is also worth mentioning that the commercial aquafeed used as control in this study, roughly speaking, yielded the poorer values for most of the fillet quality parameters assessed. It is likely that these results reflect the need to further optimize the commercial aquafeed formula, which ideally should fulfill not only fish growth and nutritional requirements but also other aspects involved in quality requirements that consumers demand for farmed fish. There is therefore a long way to go before all these aspects are achieved in farmed fish, but, undoubtedly, algae biomass will play a key role in this regard.
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Dietary codes, CT, algae-free control diet; M5 and M10 stand for a microalgae blend included at 5% and 10%, respectively. U5 and U10, diets containing 5% and 10% U. rigida, respectively;
COM, commercial aquafeed. Values with a different lowercase superscript within each row indicate significant differences in muscle lipids attributed to dietary treatments (P < 0.05). ZSFA,
saturated fatty acids; EZMUFA, monounsaturated fatty acids; ZPUFA, polyunsaturated fatty acids; EPA, eicosapentaenoic acid; DHA, docosahexaenoic acid. Values (n=6) are expressed as
average + SD. n.s., not significant.
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COM: commercial aquafeed. Values with a different lowercase superscript within each row indicate significant differences in muscle lipids attributed to dietary treatments (P < 0.05). Values
(n=6) are expressed as average + SD. n.s.: not significant.
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Ingredient composition(g kg*) CT M5 M10 U5 U10 CoM!
Fish meal LT94" 372 336.8 302.6 349.9 327.8 -
Algal biomass - 50 100 50 100 -
Squid meal” 302 302 302 302 302 -
CPSP90° 302 30.2 302 302 302 -
Krill meal® 304 304 304 30.4 304 -
Wheat gluten® 134.2 1342 1342 1342 1342 -
Soybean protein concentrate® 2023 2023 2023 2023 2023 -
Fish oil” 745 745 745 74.5 745 -
Soybean lecithin® 19.1 19.1 19.1 19.1 19.1 -
Wheat meal’ 56.4 439 30.6 27.7 0 -
Choline chloride' 24 24 24 24 24 -
Betain'' 24 24 24 24 24 -
Lysine'? + methionine'® 9.6 9.6 9.6 9.6 9.6 -
Alginate" 9.6 9.6 9.6 9.6 9.6 -
Vitamin and mineral premix'* 143 143 143 14.3 143 -
Vitamin C'* 1 1 1 1 1 -
Guar gum'® 9.6 9.6 9.6 9.6 9.6 -
Crude protein 509.9+5.4 500.6+4.6 507.17.6 510.9+7.1 507.548.6 504.5+ 4.7
Crude lipid 166.5+3.9 164.9+0.7 167.0+2.2 169.6+2.5 166.5£3.9 195.6£1.3
Ash 45116 47.3+22 50.8+5.4 68.1+6.3 61.843.5 60.7+1.7
Moisture 130.7+222 132.6+1.9 14037.3 146.142.8 152.318.5 104.2£1.2

Dietary codes, CT, algae-free control diet; M5 and M10 stand for a microalgae blend included at 5% and 10%, respectively. U and U10, diets containing 5% and 10% Ulva rigida,
respectively; COM, commercial aquafeed.

"Ingredient composition of the COM diet is unknown.

! 69.4% crude protein, 12.3% crude lipid (Norsildemel, Bergen, Norway).

>34 purchased from Bacarel (UK). CPSP90 is enzymatically pre-digested fishmeal.

* 78% crude protein (Lorca Nutricion Animal SA, Murcia, Spain).

® Soybean protein hydrolysate, 65% crude protein, 8% crude lipid (DSM, France).

7 AF117DHA (Afamsa, Spain).

* P700IP (Lecico, DE).

’ Local provider (Almeria, Spain).

10111213 1 orea Nutricion Animal SA (Murcia, Spain).

" Lifebioencapsulation SL (Almeria, Spain). Vitamins (mg kg''): vitamin A (retinyl acetate), 2,000,000 UI; vitamin D3 (DL-cholecalciferol), 200,000 U; vitamin E (Lutavit E50), 10,000 mg;
vitamin K3 (menadione sodium bisulfite), 2,500 mg; vitamin B1(thiamine hydrochloride), 3,000 mg; vitamin B2 (riboflavin), 3,000 mg; calcium pantothenate, 10,000 mg; nicotinic acid,
20,000 mg; vitamin B6 (pyridoxine hydrochloride), 2,000 mg; vitamin B9 (folic acid), 1,500 mg; vitamin B12 (cyanocobalamin), 10 mg vitamin H (biotin), 300 mg; inositol, 50,000 mg;
betaine (Betafin $1), 50,000 mg. Minerals (mg kg '): Co (cobalt carbonate), 65 mg; Cu (cupric sulfate), 900 mg; Fe (iron sulfate), 600 mg; I (potassium iodide), 50 mg; Mn (manganese oxide),
960 mg; Se (sodium selenite), 1 mg; Zn (zinc sulfate) 750 mg; Ca (calcium carbonate), 18.6%; (186,000 mg); KCI, 2.41%; (24,100 mg); NaCl, 4.0% (40,000 mg).

15 TECNOVIT, Spain; '° EPSA, Spain.
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Days CT M5 M10 Us U1o0 COM P

Springiness (mm) 1 0.81 + 0.03 0.80 + 0.06 0.82 + 0.05 0.85 +0.08 0.81 +0.07 079 +0.03 ns
3 0.78 + 0.08 078 +0.02 0.82 + 0.09 0.82 +0.04 0.81 +0.05 0.77 +0.03 ns
6 0.76 + 0.09 079 +0.05 0.77 + 0.06 0.80 +0.05 0.81 +0.01 074 +0.03 ns
8 0.76 + 0.06 0.80 + 0.06 0.77 + 0.05 0.75 +0.05 0.81 +0.06 073 +0.07 ns
10 0.75 + 0.03 074 + 005 0.75 + 0.04 076 + 0.03 076 + 0.08 071 +0.01 ns
P ns ns ns ns ns ns

Cohesiveness 1 043 £0.02* 050 + 0.06™ * 046 + 0.07° 0.52 £ 0.03%* 0.48 £ 0.04° 045 + 0.06™ 0.043
3 045 = 0.03 0.47 £ 0.06* 0.42 £ 0.07 0.51 +0.05* 043 = 0.08' 0.46 = 0.03 ns
6 0.43 £ 0.03* 046 + 0.06™ 041 £ 0.05* 051 +0.03° 2 0.42 £ 0.02° 2 045 + 0.08" 0.017
8 036 +0.03" ! 041 +0.03% 2 037 + 0.03" 0.45 + 0,054 12 042 +0.0242 039 +0.03% <0.001
10 0.36 + 0.04' 0.33 + 0.04' 0.38 £ 0.02 0.39 £ 0.07" 0.33 £ 0.06" 0.42 £ 0.03 n.s
P <0.001 <0.001 ns 0.002 0015 n.s

Gumminess 1 37.84 160" 2 4239 + 4847 36.21 + 5452 4220 +2.36°° 42,97 £ 6.00° 3 33.17 £ 469" 0.002

(N mm’™) 3 3626 + 3.60° 39.36 + 7.19% 30.78 +7.07" 37.38 + 303> 3551 + 8.68” 3351 +4.26° n.s
6 35.03 + 2,03 ? 3832 +744°% 2897 + 4.75" ! 38.86 + 3.73° % 3342 £237°%2 3049 +5.81° 2 0.005
8 27.56 + 2.87°° 1 3299 +3.17°2 2607 2,93 34.93 £ 9.16" 3144 £3.59°2 26.35 £ 245" 0.006
10 25.11 + 382" 24.55 + 250" 26.81 + 0.87" 2873 +3.05' 23.62 +3.83" 26.96 + 3.10' ns
P <0.001 <0.001 0.015 0.006 <0.001 0.027

Chewiness 1 3065 + 2.08" 2 3145 + 9.06™ 2948 + 452" 35.69 +4.09°° 3445+ 371% 3 2624 +3.70° 0.035

(N mm) 3 2837 +4.12° 28.75 + 8.18 24.93 + 3.89 30.80 + 3.15% 28.87 £ 7.71% 2593 + 425 n.s
6 26.64 =401 28.73 +10.07" 22,03 +224° 3105 + 3.63 2 2697 2.16° 2 2272 £451% 12 0.012
8 2090 + 337" 23.63 £ 521 20.07 £ 2.52" 26.65 + 8.13"2 25.62 + 4.48° 19.20 + 2.49' n.s
10 18.71 + 2.92' 18.14 + 1.69 20.00 + 123 2201 +295' 1791 £ 3.11" 19.25 + 2.46" ns
P <0.001 n.s <0.001 0.003 <0.001 0.006

Resilience 1 026 + 0.04? 0.29 + 0.05° 0.26 + 0.07 0.26 +0.04 026 +0.06 023 +0.02 ns

(N mm’™) 3 027 + 0.03 0.26 + 0.05” 0.25 + 0.06 0.29 +0.07 024 + 0.06 021 + 002" n.s
6 0.21 +0.04" ! 024 +0.05> 12 022 +0.06™ 0.27 + 0.04° 022 + 0,02 0.18 +0.04* ' 0.023
8 0.22 +0.04'% 0.20 + 0.02" 0.18 + 0.03 0.24 +0.07 0.20 +0.03 0.18 + 0.02' ns
10 021 +0.03" " 0.20 +0.01° ' 0.19 +0.03" 0.28 + 0.05° 0.20 +0.02° 0.19 +0.03" ' 0.012
P 0.049 0.004 ns n.s n.s 0.020

Dietary codes, CT, algae-free control diet; M5 and M10 stand for a microalgae blend included at 5% and 10%, respectively. U5 and U10, diets containing 5% and 10% U. rigida, respectively;
COM, commercial aquafeed. Values with a different lowercase superscript within each row indicate significant differences in muscle lipids attributed to dietary treatments (P < 0.05). Values
with a different numeral superscript within each column and parameter indicate significant differences in muscle lipids attributed to the storage time (P < 0.05). Values (n=6) are expressed
as average + SD. n.s., not significant.
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