Assessment of long-term effects of the macroalgae Ulva ohnoi included in diets on Senegalese sole (Solea senegalensis) fillet quality
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ABSTRACT
Macroalgae are a promising source of a vast variety of bioactive compounds with potential interest in aquaculture. In addition to their sustainable and renewable nature, numerous evidences have been reported pointing to positive effects on fish growth, nutrient utilization, and disease resistance. Nevertheless, the effects on fish quality objective parameters have been scarcely explored. In this study we assessed the influence of Ulva ohnoi included at low level (5%) in a diet for Senegalese sole (Solea senegalensis) on several quality attributes of fish (proximate analysis, texture profile analysis, lipid oxidation, fatty acid profile, pH, water holding capacity, and colour parameters). A 270-d feeding trial was carried out, in which juvenile animals were fed with an Ulva-enriched diet only for 90 d out of the total 270-d study. This enabled to evaluate whether the possible effects on fish were transitory or persistent at the end of the assay. Besides modest effects on fish growth at early stages, the differences attributable to Ulva supplementation were mostly focused on the lipid fraction, texture, and colour parameters. Thus, Ulva diet reduced muscle total lipid content and favoured muscle selective retention of n-3 polyunsaturated fatty acids (PUFAs), not least eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids, and also diminished lipid oxidation, especially after a period of frozen storage. In terms of consumers' acceptability, seaweed supplementation impacted favourably on fillet texture and colour attributes, namely by increasing lightness (L*) and yellowness (b*), whilst reducing redness (a*). These results are particularly remarkable taking into account that low inclusion level was considered (5%), and above all, that Ulva supplementation was interrupted after 90 d, but the effects mentioned persisted at least up to 270 d. These
 kind of deferred long-term effects might well be of practical interest when it comes to modifying quality attributes of edible fish. 
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1. Introduction
Macroalgae have been proposed as an alternative and renewable feeding resource for a sustainable aquaculture [1]. Thus, several studies have reported positive effects of seaweed-enriched aquafeeds on fish growth, nutrient utilization [2,3], resistance to infectious diseases [4], as well as on objective quality parameters in different fish species [5,6,7]. 
However, several issues hinder the utilization of macroalgae as an ingredient at industrial scale, not least those related to the drying process, a necessary but costly step prior to any practical application in feed manufacturing [1]. As a result, the interest raised for macroalgae in the last years is turning from their role as a main quantitative ingredient, towards their potential as a natural source of qualitative bioactive compounds. Indeed, seaweeds contain potentially nutraceutical or functional substances, such as polysaccharides, fibre, pigments, polyphenols and vitamins [8,9]. Thereby, the practical utilization of macroalgae in aquafeeds is nowadays more focused on their interest as additive at low inclusion levels, than to their consideration as main ingredient [1,7,10].
Ulva sp. is one of the most widely assessed genera of edible macroalgae in aquaculture feeding trials, owing to its richness either in identified [11,12] or in still unknown bioactive compounds [13]. As mentioned, a vast array of benefits regarding growth performance and health strengthening has been reported for different fish species, but potential effects on fish quality have been studied less extensively [14].
The interest of macroalgae as feed additive at early stages of the fish production cycle (namely pre-ongrowing and ongrowing periods) probably relies on their potential effects on fish physiology and disease resistance [7,15]. Nevertheless, when it comes to final stages, the ability to influence sensory and quality attributes of commercial fish is the most appreciable characteristic of any potential additive, given that such attributes are modifiable through dietary changes [16,17]. Although this specific aspect has been widely reported for many aquacultured species, scarce research is available on the effects of macroalgae-enriched diets on fillet quality attributes.

Senegalese sole (Solea senegalensis) is emerging as a potential candidate when it comes to diversifying the aquacultured fish species in Southern Europe [18], currently too dependent on European sea bream (Sparus aurata) and sea bass (Dicentrarchus labrax), two species that show clear signs of exhaustion in terms of profitability. This flatfish is nowadays farmed at modest but growing levels
, fostered by its high market value. After some industrial processing, flatfish species are also commercialized as frozen, especially owing to their leanness, since high lipid content is considered a major constrain for frozen storage. When properly carried out, current freezing technology enables fish preservation over long storage periods [19] while keeping microbial, sensorial and nutritional attributes almost indistinguishable from fresh fish [20,21]. In this regard, the suitability of Senegalese sole for freezing is not an exception among flatfish species. 
Although plenty of literature regarding reproduction and nutrition is available, however, scarce studies have assessed the influence of diets on S. senegalensis fillet objective quality parameters [22]. In this context, this piece of research explores not only whether the inclusion of Ulva ohnoi at low dietary level could influence objective quality parameters of S. senegalensis, but also whether interrupted feeding of juvenile fish with such experimental diet could yield long-term effects on those attributes in commercial size fish, and specially, after a period of frozen storage. In this regard, it is hypothesized that a persistent effect
 might occur, whereby nutritional strategies involving macroalgae at early growing stages could yield deferred effects on fillet quality parameters of animals reaching their commercial size thereafter. 

2. Materials and methods

2.1. Macroalgae and experimental diets

Ulva ohnoi (Hiraoka and Shimada strain UOHN120810) was isolated from the outlet channel IFAPA El Toruño (Cádiz, Spain) facilities, and maintained in culture. To obtain the biomass needed for preparation of Ulva diet, stock cultures were up-scaled to 1,000 L tanks. Ulva biomass (1 kg m-3) was cultured under natural photoperiod light in filtered (0.2 μm) natural seawater enriched with f/2 medium [23]. After two weeks, algae were harvested, rinsed with tap water, freeze-dried, and kept in a dry place until further utilization in the elaboration of the experimental diets.
Two isonitrogenous (55% on dry weight basis) and isolipidic (15% on dry weight) experimental diets (Table 1) were elaborated by Lifebioencapsulation S.L. (Spin-off, Universidad de Almería, Spain). U-5 diet was formulated so as to include 5% (w/w) dry U. ohnoi biomass. An algae-free diet was used as control (C). Feed ingredients were finely ground and mixed together, and then water was added to the mixture 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, New Zealand) to obtain pellets ranging from 1.1 to 5 mm diameter, according to the age of fish. The extruder barrel consisted of four sections and the temperature profile in each section (from inlet to outlet) was 100 ºC, 95 ºC, 90 ºC and 85 ºC, respectively. The resulting pellets were dried (forced ventilation) at room temperature for 24 h, and stored in sealed plastic bags at -20 °C until use.
2.2. Fish maintenance and experimental design
Juvenile Senegalese sole (Solea senegalensis) (10.5 ± 2.7 g initial body weight) were obtained from a commercial hatchery (Cupimar S.A., Cádiz, Spain) and transported to the facilities of the IFAPA El Toruño (Cádiz, Spain) research centre. Fish were placed initially in a recirculating aquaculture system (6 x 400 L tanks), consisting of a mechanical filter, a skimmer, ultraviolet light and a biofilter. UV-sterilized water at 19.9 ± 0.7 °C was provided at 150 L h-1. Supplemental aeration was provided in order to maintain dissolved oxygen above 7.0 mg L-1; pH was maintained at 7.8 ± 0.2, and salinity at 25.7 ± 1.5 ‰. Photoperiod was fixed on a 12:12 h light:dark cycle (150 lux). 
Ammonia (< 0.1 mg L-1) and nitrite (< 0.1 mg L-1) were determined daily at 9:00 a.m. 

Prior to the assays, animals were acclimated to the conditions of the experimental facilities for ten days, and fed daily at 2% body weight ratio with a control diet (C). Then, fish were divided into two groups and stocked at 1.5 kg m-2 in 6 tanks (2 groups x 3 tanks per group x 250 fish per tank). In the first experimental group (designed as U-5) animals were fed at a rate of 3% of their body weight with a diet containing U. ohnoi (5% w/w) for a 90-day period. Automatic feeders were used along the trial and fish were fed 4 times a day up to day 90, and twice per day from this time onwards. For estimating the feed intake, the uneaten feed was carefully collected by siphoning 60 min after the administration, then dried for 12 h at 110 C, and weighed.

In parallel, a group of animals fed with control diet (C) completed the experimental layout. After 90 days being fed on the experimental diet, feeding with Ulva diet was ceased in U-5 batch, and then both control and U-5 specimens (165 fish per tank) continued for a 180-d additional period, being all fish fed exclusively with control diet without macroalgae supplementation (2% biomass daily), up to the completion of the 270-d feeding trial. During the second period of the feeding trial (from 90 to 270 d), fish were placed in 800 L rectangular tanks (2 x 0.8 x 0.5 m). 
2.3. Sampling

Fish weight was measured at 45, 90 and 270 days from the beginning of the feeding trial. At any sampling time withdrawn fish (75 animals at both 45 and 90 d, and 90 animals at day 270) were anesthetized (clove oil overdose, 200 mg L-1) and slaughtered (spine severing) in compliance with Directive 2010/63/EU. Immediately, skin colour was recorded, then animals were gutted, and muscle samples were taken for proximate analysis and thiobarbituric acid-reactive substances (TBARS) determinations. The 270-d fish were then filleted, packed in transparent sterile polyethylene bags, and directly stored at -20 ºC for a total freezing period of 6 months. Thereafter fillets were thawed and muscle samples were withdrawn for fatty acid profile analysis. Thawed fillets were then stored in a cold room (4 ºC ± 1 ºC) for an additional period of 10 d, with the aim of assessing changes in quality parameters throughout the refrigerated post-thawing shelf life. Samples were extracted from each lot at 1, 3, 5, 8 and 10 days post-thawing, and flesh colour parameters, pH, water holding capacity (WHC), texture profile analysis (TPA), and lipid oxidation were determined. 
2.4. Proximate composition and fatty acids analysis
Proximate analysis (dry matter, ash, and crude protein, N × 6.25) of feeds and muscle samples were determined according to Association of Official Agricultural Chemists (AOAC) [24] procedures. Lipids were extracted following Folch et al. [25] methodology using chloroform/methanol (2:1 v/v) as solvent, and total lipid content was calculated gravimetrically. Fatty acid (FA) profile was determined by gas chromatography following the method described in Rodríguez-Ruiz et al. [26], by means of a gas chromatograph (Hewlett Packard, 4890 Series II, Hewlett Packard Company, Avondale, PA) using a modification of the direct transesterification method described by Lepage and Roy [27] that requires no prior separation of the lipid fraction.
From FA profile of fish muscle, the index of atherogenicity (IA) and the index of thrombogenicity (IT) were calculated according to Senso et al. [28] as follows:

Index of atherogenicity (IA) = (12:0 + 4*14:0 + 16:0)/ [(n6 + n3) polyunsaturated fatty acids (PUFAs) + 18:1 + other monounsaturated fatty acids (MUFAs
)]

Index of thrombogenicity (IT) = (14:0 + 16:0 + 18:0)/ [(0.5*18:1) + (0.5*ΣMUFAs) + (0.5*n6-PUFAs) + (3*n3-PUFAs) + (n3/n6)], 
where MUFAs and PUFAs stand for monounsaturated fatty acids and polyunsaturated fatty acids, respectively. 

The value of flesh-lipid quality (FLQ) indicates ratio between the sum of eicosapentaenoic acid (EPA, 20:5n3) and docosahexaenoic acid (DHA, 22:6n3), and total lipids, expressed as mg per 100 g edible flesh. 
2.5. Lipid oxidation

At 45, 90 and 270 days, lipid oxidation was estimated by thiobarbituric acid-reactive substances (TBARS) analysis in fresh muscle. Throughout the 10-d post-thawing cold storage (4 ºC) period considered, TBARS were also measured in muscle samples according to the method of Buege and Aust [29]. Samples (2 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 ºC) and supernatants were mixed in a ratio 1:5 (v/v) with 2-thiobarbituric acid (TBA) reagent (0.375% w/v TBA, 15% w/v TCA, 0.01% w/v 2,6-dibutyl hydroxytoluene (BHT) and 0.25 N HCl). The mixture was heated for 15 min and then centrifuged (3,600 g, 10 min, 4º C), and the absorbance of supernatants was measured at 535 nm. The amount of TBARS was expressed as mg of malonyl dialdehyde (MDA) per kg of muscle after comparing with a MDA standard. 
2.6. Instrumental colour determination

For all fresh fish samples (45, 90 and 270 d) colour was measured on skin (ocular and blind sides of fillets dorsal portion by lightness (L*), redness (a*), and yellowness
 (b*) system [30], using a Minolta Chroma meter CR400 device (Minolta, Osaka, Japan). During post-thawing storage at 4 ºC, skin and flesh colour of fillets was also determined at the different sampling times considered (1, 3, 5, 8 and 10 d post-thawing). The parameter lightness (L*, on a 0-100 point scale from black to white), redness (a*, assesses the position between red, positive values, and green, negative values), and yellowness (b*, assesses the position between yellow, positive values, and blue, negative values) were recorded. 
2.7. pH and water holding capacity (WHC)

Muscle pH was determined in the anterior part of dorsal muscle by means of a penetration electrode (Crison, model GLP 21; sensitivity 0.01 pH units). Water holding capacity (WHC, expressed as a percentage) was calculated from small cubical pieces (1 cm3) obtained from the anterior part of 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. [31].
2.8. Texture profile analysis (TPA)

Fillet texture was measured by compression of the dorsal anterior area, above the lateral line of the ocular side of fillets, using a Texture Analyser (TXT2 plus “Stable Mycro System”), equipped with a load cell of 5 kN, controlled with Texture Expert Exceed 2.52 software (Stable Micro Systems, Surrey, England). 
Muscle 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. During the tests, fillets were kept on a bed of crushed ice. Textural parameters as 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 by Bourne [31]. 
2.9. Statistics

The effect of the categorical variables “algae” and “storage time”, 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 25, IBM Corporation Inc.). Least squares means were tested for differences using Fisher’s least significant difference (LSD) procedure. Unless otherwise
 specified, a significance level of 95% was considered to indicate statistical differences (p<0.05). When measurements were expressed as a percentage (e.g. water holding capacity), arcsine transformation of their square root was carried out in order to normalize data prior to the statistical analysis. 
3. Results

3.1. Growth performance and body composition

Fish mortality was below 5% in all tanks. Senegalese sole mean body weight and proximate composition of muscle determined at different sampling times of the feeding trial are shown in Table 2. After 45 and 90-d, U-5 fish showed significantly lower final body weight compared to control (C) batch. However, these differences between treatments disappeared after 270-d (p=0.7874). 
With regard to muscle composition, slight, but not significant, differences in protein and ash contents were observed at any of the sampling times
 between both experimental groups. 

The dietary treatment including U. ohnoi yielded lower muscle total lipid content compared to the controls regardless of the sampling time considered, although these differences became statistically significant only at the end of the feeding trial. 

3.2. Muscle fatty acids profile

Polyunsaturated fatty acids (PUFA) were the prevailing fatty acids in fish muscle (Table 3) at the end of the feeding trial, irrespectively of the dietary treatment considered (41–45% of total FAs), followed by saturated fatty acids (SFAs, 27–28%), and then monounsaturated fatty acids (MUFAs, 21–25%).
The main effect of U-5 dietary treatment on muscle lipids can be summarized as that PUFA relative content increased significantly (41.2 vs. 45.2%), whereas MUFA values decreased, and SFA didn’t change (Table 3). Considered individually, palmitic acid (16:0) was the predominant fatty acid in control fish (19.4%), followed by docosahexaenoic acid (DHA, 22:6n3; 19%), and oleic acid (18:1n9; 15.9%). On the other hand, Ulva-fed fish yielded DHA as the most abundant fatty acid in muscle (23.4%), followed by palmitic acid (19.8%), and oleic acid (14.6%). Not only DHA, but also the proportion of eicosapentaenoic acid (EPA, 20:5n3) was significantly higher in U-5 fed fish, this contributing to significant increase in total n-3 highly-unsaturated fatty acids (HUFA). As a result of these changes, Ulva-fed fish showed significantly higher n3/n6 ratio, lipid quality index (FLQ), as well as lower index of atherogenicity (IA). 
3.3. Muscle lipid oxidation

Lipid oxidation measurements in fresh muscle (Table 4) indicated no differences attributable to the dietary treatment at any of the sampling times considered throughout the feeding trial. On the contrary, differences were observed for TBARS during the post-thawing cold storage (Fig. 1) of 270-d fish fillets. In this regard, lipid oxidation was clearly dependant on storage time in both experimental groups, as evidenced by the significant increase of this parameter from the beginning to the end of the cold storage period (p(0.001). However, although the most contributing factor to TBARS concentration was storage time, U. ohnoi decreased significantly (p(0.001) fillet lipid oxidation at any sampling time, compared to C batch. 

3.4. Instrumental colour determination

With regard to instrumental colour (Table 4), no influence of the dietary treatment was observed in any of the colour parameters studied on fillets obtained from the blind side of fresh fish after 45, 90, and 270-d of feeding trial (data not shown). 

On the other hand, fillets from the ocular (pigmented) side showed significant differences at any sampling time considered for the parameters L*, a* and b* attributable to the inclusion of U. ohnoi in diets. Roughly, U-5 fillets showed higher lightness (L*) and yellowness (b*), but lower redness (a*) than control fillets, irrespectively of the sampling time considered. 

With regard to post-thawing cold storage of fillets (Fig. 2), roughly, the differences mentioned were kept throughout the complete period (10 d). L* decreased significantly in control specimens (p<0.001) throughout the 10-d cold storage, whereas this parameter was kept quite stable in U-5 fillets (p=0.159). Considered as a whole, differences in redness (a*) between both experimental groups were not significant during the storage period. And finally, b* parameter increased owing to storage time in both experimental groups, but differences between the dietary treatments were kept during the 10-d period, being values for this parameter consistently higher in U-5 fillets.

Colour parameters were also measured on the flesh side of fillets. Overall, U. ohnoi supplementation only yielded differences in L* and b* parameters (p=0.032, and p<0.001, respectively). Cold storage decreased both L* and a*, whereas b* was increased.
3.5. pH and water holding capacity (WHC)
Ulva supplementation led to lower values for pH in Senegalese sole fillets of 270-d throughout the cold storage period (Fig. 3), although differences became significant only after 10-d cold storage period. Initial pH values were similar in both lots (around 6.21), whereas after 10-d values were 6.35 and 6.41 for U-5 and control groups, respectively. 

As expected, WHC decreased significantly (p=0.003) throughout the storage time in C fillets (Fig. 4), ranging from 65.3 % (t=0) to 58.4% after 10 days. However, values for U-5 fillets not only were consistently higher for this parameter during the complete period, but also remained basically unchanged from the beginning (65.8%) to the end (64.0%) of the storage period. In fact, considered as a whole, muscle of Ulva-supplemented fish yielded significantly higher (p=0.006) figures for WHC than control animals. 
3.6. Texture profile analysis (TPA)
The effects of the experimental diets on fillet textural parameters measured in the pigmented side are summarized in Table 5. With regard to hardness, the addition of Ulva yielded consistently higher values for this parameter compared to control fillets throughout the complete post-thawing period. During cold storage, hardness decreased markedly in C fillets, whereas muscle softness was delayed in U-5 fillets, in such a manner that significant differences between both experimental groups were kept up to 8 days post-thawing. At the end of the storage period, firmness evened in both experimental groups. 

Fillet springiness and cohesiveness followed the same trend in both lots throughout cold storage, and hence, values decreased as storage time increased. However, no significant differences could be attributable to dietary treatments. Roughly, gumminess and chewiness also followed a tendency parallel to that observed for hardness, with values tending to be higher in Ulva-fed fillets. 

Considering the complete storage time, none of the other TPA parameters studied (springiness, resilience, and cohesiveness) were, overall, influenced significantly by storage time or dietary treatment.

4. Discussion
The interest in seaweeds as nutrient source has increased notably in the last years, taking into account its sustainability and, hence, the acceptability of its use in aquafeeds [1]. Literature exploring the use of macroalgae as a major ingredient is available, reporting satisfactory effects on fish growth, immune response and protein and lipid uptake [3,33,34]. However, and owing to a wide range of practical limitations, nowadays the growing interest in such substances is mainly related to the possibility of shaping different quality properties of fish for human consumption [35], and thus some studies have focused on the effects of macroalgae-supplemented finishing feeds on fillet quality parameters in different fish species [4,5,6,7]. 

In this regard, whereas the inclusion of certain amounts of macroalgae in aquafeeds targeting fish early developmental stages might well be economically feasible, as well as fully justified by their positive impact on different physiological aspects during the pre-ongrowing and ongrowing periods of the productive cycle, however, this strategy might lead to increased feeding costs and, subsequently, to lower profitability when it comes to finishing diets. 

In this work we explored the possibility of modifying some quality attributes of Senegalese sole as a result of feeding animals with macroalgae-enriched diets at low inclusion level for a limited period of time (90 d). To our knowledge, no studies have been carried out aimed at evaluating the potential effects of an interrupted feeding strategy on the quality attributes of fish at latter stages of the productive cycle. 

Given that, as mentioned, the aptitude of Senegalese sole for freezing is remarkable, fillets were also frozen and stored for 6 months at –20 (C, in order to assess the potential effects of the experimental feeds on the quality of the fillets subjected to this treatment, especially with regard to lipid oxidation.
Related to muscle composition, the most notable result was the significantly lower lipid content of fish fed with U. ohnoi diet after 270-d (Table 3). These animals yielded a final weight similar to that of the control batch. This result is in agreement with previous studies [4,36], pointing to decreased lipid content in fish fed with diets supplemented with Ulva meal. Previous studies have attributed the effects on lipid metabolism and muscle fat deposition to the high content in vitamin C of Ulva [37,38], although it is doubtful that this specific substance might have played a significant role in our study, taking into account the low inclusion level of the macroalgae. 
The fact that such differences were significant acquires special relevance taking into account that Solea sp. are lean fish, with muscle lipid contents around 6-8% [39,40].
Not only quantitative but, interestingly, also qualitative differences were found in muscle lipids after 270-d (Table 3), which could be attributed to early dietary effects on juvenile fish. Although dietary FA profiles are generally reflected in fish muscle [41,42,43,44], the significant increase in fillet n-3-PUFAs observed in our work for U-5-fed fish can’t be attributed to differences in dietary FA as a result of Ulva inclusion. As already mentioned, Ulva inclusion essentially didn’t change fatty acid profile of U-5 diet compared to control diet (Table 3).  

Thereby, U-5 diet seemed to be responsible for a certain degree of n-3-PUFA selective retention in muscle, whilst the opposite effect was observed with regard to MUFAs (25.1 vs. 21.8%). This phenomenon has already been described for larvae of this species [42]. The overall relative increase of structural fatty acids in muscle ((PUFA, 41.2 vs. 45.2%) was based mostly on DHA, followed by EPA, a fact that is particularly interesting from the point of view of the human nutrition, even if total lipids were significantly lower in fish fed on U-5 diet. Indeed, this phenomenon is also reflected in the significant increase of fish lipid quality index (FLQ), and n3/n6 ratio in U-5 fish, as well as in the reduction of the index of atherogenicity (IA), altogether suggesting valuable effects. These results are in agreement with previous studies pointing to significantly high levels of n-3 fatty acids, not least of EPA and DHA, in the liver of rainbow trout (Oncorhynchus mykiss) fed with 5 and 10% Ulva meal [45]. 

Previous studies have also reported noticeable effects of algal meals on fish lipid metabolism [7,39], which has been attributed to some kind of functional activities in this regard [46,47] that remain to be fully ascertained. 
Consequently, the results point not only to a quantitative effect, but also to some kind of qualitative influence on the metabolism of lipids. It is especially remarkable the fact that animals were fed on the diet containing Ulva meal only for 90 d out of 270 d of the feeding trial. To our knowledge, this sort of deferred effect has not been reported previously. 
The literature has reported not only the influence of macroalgae meal on lipid metabolism, but also certain effects on muscle protein. Thus, several studies observed that fish fed with Ulva-enriched diets showed increased muscle protein content (Azaza et al. [48]; Ergün et al. [49] in tilapia, Oreochromis niloticus; Güroy et al. [13]; Yildirim et al. [36] in rainbow trout). In our study, this phenomenon was observed only to a certain extent, given that samples of fish fed with U-5 diet tended to show higher protein content than control fish (Table 2) at least up to day 90. However, differences were significant only at early stages of the feeding trial, namely after 45 d, but from this time onwards values tended to be similar, and they were virtually equal after 270 d. Some authors have proposed that the high protein content of macroalgae meals might account for increased protein retention [50]. However, in our specific research, it is unlikely that such kind of quantitative effect might have occurred, owing to the isoproteic nature of the feeds used in the feeding trial (Table 1). 
Macroalgae are reputed natural sources of functional compounds with potential interest in aquaculture [7,51], among which those with antioxidant properties outstands. With regard to Ulva sp., this genus is rich in phenolics, vitamins regarded as antioxidants (A, C and E [52]), natural pigments such as chlorophylls, xanthophylls, and carotenoids [53]. Additionally, Ulva is rich in ulvan, a sulphated polysaccharide with recognised antioxidant properties [54,55]. 
It might well be the abundance of antioxidant substances what could explain the prevention of lipid oxidation observed in our study, although not in fresh fish (Table 4), but in frozen fillets (Fig. 1). Hence, the inclusion of 5% Ulva didn’t yield significantly lower TBARS values in fresh fish compared to control batch, irrespectively of the sampling time (45, 90, and 270 d). Scarce literature is available aimed at assessing the effects of macroalgae supplementation on the oxidation of fish lipids, albeit Moroney et al. [6] reported no effect of Ulva rigida on the oxidative status of salmon lipids after a 19-w feeding trial, in agreement with our results after 270 d (Table 4). It is remarkable that values remained low in all samples, consistently below 2 mg MDA/kg, what is considered as fish of excellent quality [56]. 
In our study, fillets obtained at day 270 were then frozen for a 6-month period, in order to assess the possible influence of Ulva ohnoi on quality parameters, and not least, on lipid oxidation. In this regard, the results indicate again that the macroalgae didn’t yield any difference in TBARS immediately after thawing the fillets. However, clear disparities were observed in TBARS throughout the post-thawing cold storage period (10 days, 4(C), in which differences were significant at any sampling time between both groups (Fig. 1). 
Even if MDA increased throughout the post-thawing cold storage period, it is notable that values in control fillets didn’t increase over 6 mg de MDA kg-1 after 10 days at 4 ºC. Nevertheless, what is more remarkable is the fact that U-5 fillets under the specified conditions showed TBARS values below 3 mg de MDA kg-1 at day 10 post-thawing. 

The study of Moroney et al. [6] is the only one accessed that involved post-mortem assessment of Ulva on fish quality parameters. With regard to lipid oxidation, these authors didn´t observed any impact of the macroalgae supplementation throughout a 15-d post-mortem cold storage period. These results disagree with our study, although some methodological differences might well have account for such disparities. For instance, i) the composition of salmon and sole muscle is very different, not least with regard to lipid contents; ii) fresh fillets were used in the study cited, whereas defrosted fish in ours; and in addition, iii) samples were permanently kept under a N2/CO2 modified atmosphere in their research (which would explain their low TBARS values at any sampling time up to 15 d), whereas our fillets were kept under natural atmosphere. 
The colour of commercial fish is a relevant aspect of overall quality that accounts decisively for its market acceptability [16,57]. As mentioned, macroalgae are acknowledged as natural sources of a wide variety of pigments [58], and Ulva isn’t an exception to this general rule [12]. Compared to wild fish, one of the main disadvantages of aquacultured fish, in terms of consumer’s acceptability, consists of poor skin and muscle pigmentation. In this regard, for some farmed species, such as salmonids, the dietary inclusion of pigments is compulsory in order to meet the market requirements. For other species, such as Senegalese sole, the skin pigmentation (especially that of the ocular, pigmented side) is also a key factor that determines the purchase decision and, consequently, its commercial value [22]. 
In this context, the possible impact of Ulva supplementation on the instrumental colour parameters of the ocular side skin was also assessed in this study, under a double perspective: i) the effects during the 270-d feeding trial at three sampling times (Table 4); and ii) the possible influence on defrosted fillets stored at 4 (C for a 10-d period (Fig. 2). 

With regard to fresh fish, the three parameters measured (L*, a*, and b*) were affected significantly as a result of Ulva supplementation, irrespectively of the sampling time (Table 4). Thus, lightness (L*) and yellowness (b*) increased, but redness (a*) decreased, these modifications together suggesting increased consumer’s acceptability for this specific flatfish [22]. Changes in colour parameters might well be linked to the presence of macroalgal pigments, as reported previously [5,6,35]. It should be highlighted that 270-d fish kept the differences observed at earlier stages, even though U-5 diet was interrupted from day 90 onwards, this fact pointing, again, to a sort of deferred effect of Ulva supplementation on colour parameters as well. 
With regard to post-thawing cold storage of fillets, differences found in colour parameters were also significant as a result of Ulva supplementation, and such differences were consistently kept throughout the 10-d experimental period (Fig. 2). Roughly, in agreement with the findings already mentioned for fresh fish, all the modifications attributable to U-5 dietary treatment also pointed to improved colour parameters. Typically, during frozen storage of Senegalese sole takes place an undesirable effect characterized by the development of a reddish tone instead of the greenish-brown appearance of the skin, attributed to secondary metabolites resulting from lipid oxidation [22]. The richness of the genus Ulva in pigments such as chlorophyls and phycocyanines might have accounted for the reduction observed in the parameter a* in fish skin. On the other hand, high b* value in the skin is also a positive quality attribute resulting from Ulva supplementation, described not only in Senegalese sole, but also in tilapia [7], red porgy (Pagrus pagrus [59]) and channel catfish (Ictalurus punctatus [60]). The presence of xantophyls in this algal species might well have accounted for this effect [1].
Nevertheless, U. ohnoi was not able to modify any of the colour parameters measured in the blind side of Senegalese sole (data not shown), which can be explained by the lack of chromophores in this part of the body of adult fish [61]. This fact suggest that the pigments provided by Ulva are stored specifically in these specialized cells, responsible for the pigmentation of fish skin [62], instead of distributed non-specifically throughout other structures of the skin. Moreover, the fact that this phenomenon was observed not only at early stages of the feeding trial (in which fish were actually fed on the experimental diet), but also after 270 d (animals were fed with the control diet), suggests that the pigments are selectively retained in chromatophores over a sustained period of time. 
On the other hand, the effects of Ulva supplementation on flesh colour were less evident, as deduced from the relatively scarce changes of a* and b* parameters compared to the skin side, and they are in agreement with those described by Valente et al. [7] for tilapia fed on Ulva-enriched finishing diets. Thus, increased lightness (L*) and decreased yellowness (b*), together with a lack of changes in a* parameter, were the main aspects affected by the dietary macroalgae. Given that, as mentioned, the dietary pigments are probably deposited principally in skin chromatophores [62], it was not expected that remarkable changes could happen in fish muscle owing to algal coloured compounds. Hence, it is unlikely that algal pigments were responsible for lower b* values observed in Ulva-fed fish up to 8 d of refrigerated storage, but rather the result of delayed lipid oxidation in these fillets (Fig. 1), as reported in previous studies [63,64]. 
Similarly, increased L* in muscle could be attributed to higher WHC of U-5 fillets compared to control batch, as also described previously [5,64]. It is well known that changes in muscle WHC reflect the integrity of muscle protein, responsible for retaining water molecules through electrostatic interactions, and thus, values for this parameter decrease during cold storage (Fig. 3) in parallel with the autolysis of muscle protein fractions due to endogenous proteases. From the point of view of consumer’s acceptance, this parameter enables the organoleptic estimation of the dryness or juiciness of fish fillets [65]. 
In this context, protein hydrolysis (both of the myofibrillar and collagen fractions, [66,67]) accounts for changes in the textural parameters estimated by TPA analysis, among which the most relevant, in terms of its influence on purchase decision, is hardness. This parameter was influenced by U-5 diet (Table 5) during post-thawing cold storage, roughly in the sense that those fillets from fish fed with the Ulva-supplemented feed showed higher values. Scarce literature has been accessed in which the influence of dietary macroalgae on texture parameters has been assessed. Moroney et al. [5] reported no adverse impacts of red seaweed supplementation on salmon fillet textural parameters. Although no direct effects of algal compounds on the control of muscle protein disintegration have been described, nevertheless, it has long been known that the alteration of lipids taking place during frozen storage [68], not least the release of free fatty acids, might contribute to protein denaturation [69,70]. In agreement with this hypothesis, in this research fish fed with U-5 diet yielded not only improved fillet hardness (Table 5) and WHC (Fig. 3), but also lower lipid oxidation (Fig. 1). In addition, the lower lipid content in U-5 fish might also have accounted for higher firmness. 
In the present state of knowledge, and besides the factors mentioned above, it is safe to say that the intimate mechanisms involved in the delay of firmness loss observed remain to be ascertained. Although the physiological changes underlying the observed effects on fish fillet quality parameters are virtually unknown, it has been profusely reported that modifications in the characteristics of feeds are readily reflected in the composition of fish, especially with regard to the lipid fraction [31,71,72]. Moreover, recent studies [39] have reported that Ulva biomass at low inclusion level caused beneficial effects on the relative expression of genes involved in the lipid and protein metabolism of Solea senegalensis. Perhaps this fact might have been involved in some of the effects observed in this study, not only at early stages of the feeding trial (up to 90 d), but more interestingly, after interrupting the macroalgae supplementation as well. However, much additional information will be required before a complete understanding.
Finally, and by way of conclusion, any on-farm feeding strategy aimed at modifying fish quality attributes implies considerable economic costs, given that the specific functional ingredients should be added usually at the end of the productive cycle, this is, included in finishing diets. At this stage, the amount of feed required to finishing fish is considerably high, so that it is possible that the cost of the ingredients might outweigh the beneficial impact brought about on fish quality. Under this perspective, the deferred effects suggested by this study on Senegalese sole due to Ulva supplementation might well result of practical interest from an economical standpoint, given that this early-stage feeding strategy on juvenile fish seems to yield further valuable characteristics in commercial size fish. 

Further additional studies aimed at assessing the potential long-term effects of macro and microalgae included in diets for aquacultured fish are required in order to fully ascertain the findings observed in this study. 
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CAPTIONS TO FIGURES

Figure 1. Lipid oxidation (estimated by thiobarbituric acid-reactive substances, TBARS) of S. senegalensis muscle during a 10-d post-thawing cold storage (4 ºC) period. Dietary treatments are C: control diet; U-5: 5% inclusion U. ohnoi diet. Values are expressed as average ± sd (n=5). 

Figure 2. Changes in S. senegalensis fillet pH during the 10-d cold storage (4 ºC) period. Dietary treatments are C: control diet; U-5: 5% inclusion U. ohnoi diet. Values are expressed as average ± sd (n=5).
Figure 3. Changes in S. senegalensis fillet water holding capacity (WHC) throughout the 10-d cold storage (4 ºC) period. Dietary treatments are C: control diet; U-5: 5% inclusion U. ohnoi diet. Values are expressed as average ± sd (n=5).
Figure 4. Time course of changes in colour parameters (lightness, L*; redness, a*; and yellowness, b*) of skin (left) and flesh (right) of S. senegalensis fillets throughout a 10-d post-thawing cold storage (4 ºC) period. Dietary treatments are C: control diet; U-5: 5% inclusion U. ohnoi diet. Values are expressed as average ± sd (n=5).
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