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Abstract

:

Previous studies have shown that Nannochloropsis gaditana can partially replace fishmeal in the diet of gilthead seabream, Sparus aurata. However, its effect on muscle growth is hardly known. This experiment was carried out with gilthead seabream adults that were fed with N. gaditana at two inclusion levels (2.5 or 5%) either raw (R2.5 and R5 groups) or cellulose-hydrolyzed (H2.5 and H5 groups) for 45 days in the final fattening phase. The body length and body weight were measured in all fish at the beginning and end of the experiment. Also, the white muscle transverse area (WM), size, number and fibrillar density of the white fibers were measured in 9 fish group−1. After 45 days, the body parameters and the WM did not show significant differences among the groups. However, muscle cellularity did show significant differences, such that the hypertrophy values were higher in the H2.5 and H5 than in the R2.5 and R5 groups. On the contrary, R2.5 and R5 showed the highest fibrillar density and hyperplasia values, which are often positively correlated with the fillet firmness and therefore could improve the final quality of the fish. No significant differences attributable to the inclusion levels of N. gaditana were observed.
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Key Contribution: The muscle cellularity was significantly influenced by the feeding regimes, with the highest muscle fibrillar density in R2.5 and R5. This seems to indicate that, at low inclusion levels in the diet, the enzymatic hydrolysis of N. gaditana is not necessary for the generation of white muscle fibers in gilthead seabream adults.










1. Introduction


Gilthead seabream, Sparus aurata L., is a fast-growing carnivorous species of great commercial value in Mediterranean aquaculture. Their diet has traditionally been based on feed containing mainly fishmeal and fish oil, which entails some problems such as high cost or conservation difficulties, amongst others. Therefore, the industry needs to reduce the percentage of fishmeal, which is usually replaced by vegetable products [1]. However, the vegetal products also present a series of drawbacks such as an unbalanced composition of amino acids, deficiency of polyunsaturated fatty acids, etc. [1,2].



Currently, there is a growing interest in cultivating microalgae for aquaculture feed, as it produces optimal results in growth and survival and reduces the dependence on fishmeal and fish oils [1,3]. They are selected accordingly with criteria such as the absence of toxic compounds, nutritional values, and digestibility [2].



Several studies have shown that some species of microalgae are able to replace fishmeal in the range of 6 to 20%. In that sense, Phaedactylum tricornutum or a combination of Nannochloropsis sp. and Isochrysis sp. in Atlantic salmon, Salmo salar [4]; Tetraselmis suecica or Isochrysis sp. in European sea bass, Dicentrarchus labrax L. [5,6]; and Scenedesmus almeriensis, Tetraselmis suecia and Isochrysis lutea in gilthead seabream and Senegalese sole [7,8] have been used. Microalgae are also currently presented as an alternative to fish oil, since they can synthesize DHA (docosahexaenoic acid), EPA (eicosapentaenoic acid) or both. Some of the microalgae that are rich in these fatty acids are Schizochytrium sp., Nannochlorepsis sp., Crypthecodinium cohnii and Chlorella sp. The oils from these microalgae have replaced fish oil without negative effects on the growth of salmon [9]. Similarly, Schizochytrium sp. or Crypthecodinium cohnii have shown similar effects to fish oil on the growth and survival of gilthead seabream larvae [10,11,12]. In sea bass, some authors [13] added Isochrysis galbana to the larval diet for 15 days and found that the larval survival improved, and it was related to the development of the ciliated edge of the intestine membranes. Likewise, the presence of Isochrysis galbana triggered the production of digestive enzymes. In gilthead seabream juveniles, the effect of replacing fishmeal protein by Chlorella vulgaris meal and fish oil by a blend of Schizochytrium sp. and Microchloropsis gaditana on growth, feed utilization, muscle fatty acid composition and liver histology for 12 weeks was evaluated [14]. The authors found that the blend of dried biomasses of Schizochytrium sp. and M. gaditana could totally replace dietary fish oil in fishmeal-based diets formulated with soybean oil, without negatively affecting the growth performance, feed efficiency, proximate composition and muscle EPA and DHA levels of gilthead seabream juveniles. Moreover, replacing fishmeal protein by C. vulgaris meal up to 30% did not adversely affect the growth performance and feed utilization of the studied specimens. In red sea bream juveniles, Pagrus major, the nutritional efficiency of Nannochloropsis, Chlorella and Schizochytrium was analyzed [15]. The experimental diets were compared with a control diet without fish meal as protein, which was replaced by soy and corn meal. The control diet did contain fish oil. The results of this study showed that the fish that were fed with Nannochloropsis and Schizochytrium obtained a/good growth performance and a considerable composition of fatty acids, without observing adverse effects. In meagre juveniles (Argyrosomus regius), four experimental diets were evaluated for 30 days [16]: a control diet was based on 5% fish oil and 7% of rapeseed oil, whereas in the other three diets, fish oil was totally replaced by either poultry oil only, or blending poultry oil and one of two commercial algal oils extracted from Schizochytrium sp. Their results showed the good potential of blending these two microalgae oils to completely replace fish oil cost-effectively in diets for meagre juveniles.



Growth muscle characteristics in fish are influenced by genetic factors but also by feeding regime and environmental conditions which in turn affect the number and size distribution of the muscle fibers [17,18,19,20,21] and the adipocytes [22] that are present in the fillet. Even though studies on the effect of dietary microalgae on fish muscle growth are still scarce, the influence of Nannochloropsis oceanica in the diet on the muscle cellularity of spotted wolffish (Anarhichas minor) muscle cellularity was analyzed by some authors [23] and no differences were found in white muscle growth or fibrillar constitution between feeding groups. In 2020, our research team [24] evaluated the short-term effect of Nannochloropsis gaditana included in the diet on gilthead seabream juveniles and observed a positive effect on muscle growth. Subsequently, a long-term effect was also observed in the muscle growth of gilthead seabream adults that had been previously fed with N. gaditana during their juvenile phase [25]. Recently, the effect of finishing enriched diets with N. gaditana on the final quality of sea bream fillet was also studied [26]. Their results indicated that microalgae-enriched diets yielded favorable, dose-dependent effects on several objective quality parameters of fillets. However, the muscle cellularity was not studied in the cited work. For this reason, in the present work we have studied the muscle cellularity of gilthead seabream adults from the same population as that studied in the cited work [26] to correlate the results from both studies.




2. Materials and Methods


2.1. Rearing Conditions


This research was carried out on adult specimens (two years old) of gilthead seabream (Sparus aurata) obtained from a broodstock breed at the Centro Oceanográfico de Murcia-Instituto Español de Oceanografía (COMU-IEO), CSIC. The feeding trial was set up with 225 fish. The initial body mean values ± SEM were 450 ± 28 g (body weight) and 30 ± 0.7 cm (total body length). The specimens were randomly classified in five feeding regime groups (45 fish group−1; 3 tanks group−1 of 2000 L capacity): four groups were fed with different experimental diets containing the microalgae Nannochloropsis gaditana and a control group was fed a microalgae-free diet (Table 1). The experiment was carried out on the final fattening phase of gilthead seabream culture and it lasted 45 days.



The rearing conditions were the same as those described by Sáez et al. [26] since the population of the present work is the same as that used by the cited authors. Fish were kept under a 12L:12D photoperiod and natural temperature, which increased gradually from 17 °C to 21 °C through the experiment. The initial stock density was 3.4 kg m−3 and the sea water renewal rate was kept at 780 L h−1 in an open flow circuit. The salinity was 37 ‰ and the light intensity ranged from 50 to 70 lux. Tanks were equipped with aerators to maintain an adequate level of oxygenation (above 6 mg L−1). The values of ammonia and nitrites were <0.1 mg L−1.




2.2. Experimental Diets


The compositions of the diets of the present study (Table 1) are the same as those used in previous studies on this species [24,25,26]. Briefly, these diets contained the microalgae Nannochloropsis gaditana at two inclusion levels (2.5 or 5%) either raw (R2.5 and R5 groups) or cellulose-hydrolyzed (H2.5 and H5 groups), the latter in order to increase the bioavailability of the cellular inner components since the thick cell walls of Nannochloropsis can hinder the digestion of microalgae and absorption of cell internal nutrients [1].



Also, a microalgae-free group (C group) was studied as the control group. Diets were formulated and manufactured at the CEIA3-Universidad de Almería facilities (Servicio de Piensos Experimentales, http://www.ual.es/stecnicos_spe, accessed on 3 February 2022) (Almeria, Spain) using standard aquafeed extrusion processing procedures. Nannochloropsis gaditana biomass was obtained from EU-H2020 SABANA facilities of the Universidad de Almería (Spain). A commercial cellulase (22178, Sigma-Aldrich, Madrid, Spain) was used for the enzymatic hydrolysis by mixing N. gaditana meal at a final concentration of 150 g dry weight L−1 in 50 mM sodium citrate buffer solution (pH 5.5) and then incubated at 45 °C under continuous agitation for 5 h as described in other work in this species [27]. The experimental diets were offered ad libitum three times a day (9:00, 14:00 and 19:00) until a maximum of 1.2% of the tank biomass. The amount of feed ingested was daily recorded in each tank to calculate the feed conversion ratios (total feed being consumed/weight gain) in each group. The final survival percentage was also calculated on all tanks.




2.3. Sampling


Body length and body weight were measured in all specimens (225 fish) at the beginning and at the end of the experiment. To do this, fish were anesthetized with 40 µL L−1 of clove oil in sea water and then individually recorded. At the end of the experiment, nine specimens from each group were slaughtered by overdose of anesthesia (60 µL L−1 of clove oil in sea water) and then transported on ice to the Faculty of Veterinary of the University of Murcia for analysis of muscle parameters.




2.4. Analysis of Muscle Growth


For muscle analysis, nine specimens per group were transversely cut to the long body axis and then the whole cross-muscle section from each fish was photographed for further morphometric analysis (Sygma-Scan Pro_5 system, Systat Version 5.0 Inc., San Jose, CA, USA). Subsequently, 5 mm-thick whole-body slices were obtained and cut into smaller blocks that were frozen in 2-methylbutane over liquid nitrogen. Sections of 8 μm thickness were obtained from those frozen blocks in a cryostat (Leyca CM 1850, Leica Microsistemas SLU, Barcelona, Spain). These sections were stained with hematoxylin –eosin for performing morphometric studies of the muscle under light microscope.



The following muscle parameters were measured by means of the morphometric analysis cited above: total cross-sectional area of the white muscle, number of white muscles fibers, area and minor axis length of white muscle fibers and muscle fibers density (number of white fibers μm−2). The average size of the white muscle fibers of each specimen was estimated from ~600 fibers (±10 SD) located at the intermediate and the apical sectors of the epaxial quadrant of the transversal section of the myotome, according to the methodology described in previous studies in teleosts [28,29].




2.5. Statistical Analysis


The statistical package SPSS 28.0.1.1. (IBM, New York, NY, USA) was used for the statistical analysis. The data distribution and the homogeneity of variances were analyzed by the Shapiro–Wilk and the Levene’s tests, respectively, for p < 0.05. For most of the parameters, both tests showed values of p > 0.05. Hence, the analysis of variance (ANOVA) and a post-hoc Tukey test were used, for p < 0.05. In the cases with values of p < 0.05 in the Shapiro–Wilk and the Levene’s tests, nonparametric tests (U of Mann–Whitney and Z of Kolmogorov–Smirnov tests) were used. All of the data were expressed as the mean ± standard error of the mean (SEM). The distribution of fibrillar sizes of each group was also studied through the analysis of the different percentiles of the specimens (9 specimens were analyzed in each group and ~600 fibers ± 10 SD were measured in each specimen).





3. Results


3.1. Body Growth and Survival


At the beginning of the experiment, the mean ± SEM body values of the fish were 30 ± 0.7 cm (body length) and 450 ± 28 g (body weight) without significant differences among the five groups. After 45 days (1.5 months) of the experiment, the results showed some differences between groups although none of them were statistically significant (Table 2). The results found are described below.



	
R2.5 versus R5 groups: When comparing raw diets of N. gaditana at different concentrations, the body values were similar in both groups (p > 0.05) (Table 2);



	
R2.5 versus H2.5 groups: When comparing diets at 2.5% of raw versus hydrolyzed N. gaditana, the body weight showed similar values in both groups (p > 0.05) (Table 2);



	
H2.5 versus H5 groups: When comparing hydrolyzed diets at different concentrations, the highest values of the body weight were reached at highest concentration, even though it was not significant (p > 0.05) (Table 2);



	
R5 versus H5 groups: H5 showed the highest values of the body weight, even though it was not significant (p > 0.05) (Table 2);



	
C group: The lowest body weight values were observed in this group, but it was not significant (p > 0.05) (Table 2).






The conversion rates values (mean ± SEM) in C, R2.5, R5, H2.5 and H5 were 3.0 ± 0.09, 3.0 ± 0.25, 2.7 ± 0.33, 3.10 ± 0.26 and 2.5 ± 0.25, respectively. However, these differences were not significant (p > 0.05).



The survival rates were 100% in all experimental groups at the end of the experiment.




3.2. Muscle Growth


A morphological mosaic of fibrillar sizes typical of teleost adults was observed in the transverse section of the white muscle of all specimens, with small fibers (new generation of white fibers) interspersed among large fibers (mature white fibers) (Figure 1).



Interestingly, the results of muscle parameters showed some differences between the different experimental groups, as detailed below:



R2.5 versus R5 groups: the white muscle transverse area values, as well as the hypertrophy, hyperplasia and white muscle fibers density, did not show significant differences between the R2.5 and R5 groups (p > 0.05) (Table 3; Figure 1A,B and Figure 2). The percentiles of fibrillar size distribution were also similar in both groups (Table 4).



R2.5 versus H2.5 groups: the white muscle transverse area values were similar in the R2.5 and H2.5 groups (p > 0.05). However, the hyperplasia and muscle fibers density values were significantly higher (p < 0.05) in R2.5 than in H2.5, whereas the hypertrophy values were significantly higher in H2.5 than in R2.5 (Table 3; Figure 1A,C and Figure 2). When comparing the percentiles of both groups, we observed that the percentage of small fibers was higher in R2.5 than in H2.5 (Table 4). Thus, the 5th and 40th percentiles of R2.5 were 7.75 and 29.82, respectively, while both percentiles were 36.38 and 3452.8, respectively, in H2.5 (Table 4).



H2.5 versus H5 groups: The white muscle transverse area values were higher in H5 than in H2.5, but it was not significant (p > 0.05). The hypertrophy values were higher in H2.5 than in H5, whereas the hyperplasia and muscle fibers density were higher in H5 than in H2.5 (Table 3; Figure 1C,D and Figure 2). However, these differences were not significant (p > 0.05). When comparing the percentiles of both groups, we observed that the percentage of small fibers was higher in H5 than in H2.5 (Table 4). Thus, the 5th and 40th percentiles of H5 were 10.7 and 258.25, respectively, while both percentiles were higher in H2.5 than in H5 (Table 4).



R5 versus H5 groups: The white muscle transverse area values were higher in H5 than in R5, but it was not significant (p > 0.05). Muscle cellularity showed higher hypertrophy values in H5 than in R5, whereas the hyperplasia and muscle fibers density values were higher in R5 (Table 3; Figure 1B,D and Figure 2). However, these differences were not significant (p > 0.05). When comparing the 5th and 40th percentiles of both groups, we observed that the 5th percentile was similar between both groups, although slightly lower in R5 than in H5 (Table 4). For its part, the 40th percentile was higher in H5 than in R5 (Table 4).



C group: The white muscle transverse area showed the lowest values in this group, even though it was not significant (p > 0.05) (Table 3). When comparing to the other groups, the hypertrophy was significantly higher in this group than in R2.5 and R5 (p < 0.05), whereas the hyperplasia showed the contrary tendency (Table 3; Figure 1E and Figure 2). When comparing to H2.5 and H5, both parameters (hypertrophy and hyperplasia) of the C group showed intermediate values to those found in H2.5 and H5, although it was not significant (p > 0.05) (Figure 2). The 5th percentile of the control group showed higher values than the other groups (Table 4).





4. Discussion


The main edible component of the fish is the fast myotome muscle. The number and size distribution of fibers (muscle cellularity) of fish vary with physiological stages and show a high plasticity dependent on intrinsic and extrinsic factors [18]. The muscle growth pattern influences the flesh quality and hence, the different rearing conditions (feeding regime, environmental factors, etc.) produce differences in the final quality of fish flesh [17,19].



The studies about the influence of dietary intake of microalgae on fish muscle growth are scarce. Knutsen et al. [23] studied the muscle growth in spotted wolffish juveniles (Anarhichas minor) that were fed with or without Nannochloropsis oceanica in the diet and found no significant differences in muscle growth between groups. Recently, our research team studied the effect of diets that were like those used in the present study. However, the cited study was carried out in the juvenile phase of gilthead sea bream [24], while the present work has been carried out during the final fattening phase of this species. The results found by Ayala et al. [24] demonstrated that after 90 days of being fed with the experimental diets, juvenile specimens fed with control and R5 diets reached the greatest growth. After the juvenile phase, once the experiment of Ayala et al. [24] ended, all the groups were transferred to a standard commercial diet up to commercial size, to study the long-term effect of the experimental juvenile diets. The results showed a long-term influence of the juvenile diets, as the highest growth was reached in adult specimens previously fed with the H5 diet during the juvenile phase [25].



However, up to now, the short-term effect of diets enriched with N. gaditana on the muscle growth of gilthead seabream adults in the final fattening phase has not been studied. Hence, the present work studies the effect of supplemented diets with N. gaditana for 1.5 months (45 days) at the final fattening phase of S. aurata. The composition of the diets and the rearing conditions were the same as those described by Ayala et al. [24,25] and Sáez et al. [26]. The results of the present work showed no significant differences in the body growth or the total transverse area of the white muscle among the different feeding groups, even though the highest values of both parameters were observed in H5. Similarly, the conversion rates values did not show significant differences among the different groups, even though the most optimal values were observed in H5.



Probably, it would be necessary to increase the feeding time with the different diets to achieve a significant effect on the growth and conversion rates of adult fish. However, muscle cellularity did show significant differences between the different feeding regimes, such that the hypertrophy was higher in the groups that were fed with hydrolyzed microalgae diets than those fed with the raw microalgae diets, whereas the hyperplasia showed the opposite trend, being higher in R2.5 and R5 than in the other groups.



The results of the hypertrophy and hyperplasia of the gilthead seabream adults of the present experiment were different to those obtained on the previous studies in this species [24,25]. Firstly, during the feeding trial of gilthead seabream juveniles, Ayala et al. [24] did not find significant differences in the muscle cellularity of the different feeding regimes groups. Secondly, when studying the long-term effect of the juvenile diets on the subsequent adult phase of gilthead seabream specimens, the diet containing prehydrolysis biomass of N. gaditana produced a positive long-term effect on the hyperplasia and fibrillar density [25]. In contrast, in the present work in which adult specimens were fed with the same diets as in the previous studies, the enzymatic hydrolysis of microalgae seemed not be necessary for the generation of fibers, as the greatest hyperplasia of white muscle fibers of the present study was observed in the R2.5 and R5 groups. These results show that, while the cellulose-hydrolysis of N. gaditana can improve the white muscle hyperplasia of seabream juveniles in long-term [21], the cellulose-hydrolysis of N. gaditana appears not to be necessary for the generation of white muscle fibers of seabream adults. This seems to indicate that the digestive tract of sea bream adults can assimilate N. gaditana in a raw state, without the need to carry out its prior hydrolysis, at least at the low inclusion levels that have been used in the present experiment (2.5 and 5%). The expression and regulation of hypertrophic and hyperplastic growth mechanisms of the musculature vary with age, genetic factors, biological cycles and environmental conditions [30,31,32]. Normally, hyperplasia predominates in juvenile and fast growth phases, while the fiber generation gradually ceases and hypertrophic growth predominates in adult phases [32,33]. However, our data showed a high plasticity of the gilthead seabream muscle of adult specimens, as has also been observed in other fish species [20,21,28,29,34]. Thus, a significant influence of enriched diets with N. gaditana was observed on the muscle cellularity of the adult specimens of the present experiment with an increase in hyperplasia in adult fish fed with R2.5 and R5 diets. Interestingly, the different muscle cellularity can influence the quality of the fillet [29,35,36,37]. Sáez et al. [26] analyzed the quality parameters of adult gilthead seabream specimens fed during the final fattening phase with the same experimental diet as those described in the present work and found the highest fillet hardness values in the R5 group. This result is correlated with the highest hyperplasia and muscle fibers density found in the R5 group of the present work. The positive correlation between muscle fibers density and fillet firmness had been demonstrated in other studies [29,35,36,37] and represents an improvement in the final quality of the product and consumer acceptance. On the contrary, the lowest fillet hardness values were observed in C and H2.5 [26], which showed the lowest hyperplasia and muscle fibers density values in the present work.



Therefore, our data suggest that short periods of time (45 days) with diets that include raw N. gaditana in the final phase of fattening are sufficient to improve muscle cellularity and, in turn, flesh quality. This is an important issue from the aquaculture sector point of view that could use these diets as a way of improving flesh quality without heavy rises in the production cost.




5. Conclusions


	
Enriched diets with N. gaditana did not significantly influence body growth (length and weight) or the transverse area of the white muscle in the final phase of fattening of gilthead seabream specimens.



	
The form of N. gaditana (raw versus hydrolyzed) in the diet significantly influenced the muscle cellularity of gilthead seabream adults at commercial size, in such a way that the hypertrophy was higher in fish fed with hydrolyzed microalgae than in fish fed with raw microalgae.



	
The enzymatic treatment of N. gaditana did not enhance the generation of new fibers, so that the greatest hyperplasia was reached by the fish fed with raw microalgae and it was correlated with the highest fillet hardness values previously found by other authors in these specimens [26].



	
No significant differences attributable to the concentration levels of N. gaditana were observed. This result, together with the fact that the greatest generation of fibers was found in the diets of raw N. gaditana, allows us to conclude that the R2.5 diet could be the most optimal for this phase in sea bream.



	
The short-term effect of the microalgae-enriched diets used in the final phase of fattening of sea breams of this study should be considered by farmers to optimize culture and to improve the quality of fillet meat.
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Figure 1. Transverse sections of the white muscle of two-year-old gilthead sea breams, from R2.5 (A), R5 (B), H2.5 (C), H5 (D) and C (E) groups. Hematoxylin–eosin staining. W: white fibers; nW: new white fibers. Bars 100 µm. 
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Figure 2. Mean ± SEM values of the area of white muscle fibers (A) and number of white muscle fibers (B) of two-year-old specimens of Sparus aurata from the C, R2.5, R5, H2.5 and H5 groups at the end of the experiment (commercial stage). Different lower-case letters indicate significant differences (p < 0.05) between groups for each parameter. Mean values were obtained from nine specimens per group. 
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Table 1. Ingredient composition and proximal analysis of the experimental diets that have been used in the present work. C: control diet. R2.5 and R5: diets including 25 and 50 g kg−1 raw microalgal biomass, respectively. H2.5 and H5: diets including 25 and 50 g kg−1 hydrolyzed microalgae, respectively. Data are expressed in g kg−1 dry matter.
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Diets

	

	




	
Ingredient Composition

(g kg−1 Dry Matter)

	
C

	
R2.5

	
R5

	
H2.5

	
H5






	
Fish meal LT94 1

	
150

	
150

	
150

	
150

	
150




	
Raw N. gaditana 2

	
-

	
25

	
50

	
-

	
-




	
Hydrolysed N. gaditana

	
-

	
-

	
-

	
25

	
50




	
Squid meal 3

	
20

	
20

	
20

	
20

	
20




	
CPSP90 4

	
10

	
10

	
10

	
10

	
10




	
Krill meal 5

	
20

	
20

	
20

	
20

	
20




	
Gluten meal 6

	
150

	
150

	
150

	
150

	
150




	
Soybean protein concentrate 7

	
400

	
388

	
373

	
388

	
373




	
Fish oil 8

	
114

	
110

	
105

	
110

	
105




	
Soybean lecithin 9

	
10

	
10

	
10

	
10

	
10




	
Wheat meal 10

	
54

	
45

	
40

	
45

	
40




	
Choline chloride 11

	
5

	
5

	
5

	
5

	
5




	
Betain 12

	
5

	
5

	
5

	
5

	
5




	
Lysine 13

	
15

	
15

	
15

	
15

	
15




	
Methionine 14

	
6

	
6

	
6

	
6

	
6




	
Vitamin and mineral premix 15

	
20

	
20

	
20

	
20

	
20




	
Vitamin C 16

	
1

	
1

	
1

	
1

	
1




	
Guar gum 17

	
20

	
20

	
20

	
20

	
20




	
Crude protein

	
452

	
461

	
464

	
454

	
459




	
Crude lipid

	
158

	
151

	
155

	
154

	
151




	
Ash

	
71

	
79

	
83

	
76

	
85




	
Moisture

	
61

	
58

	
53

	
59

	
49








1 694 g kg−1 crude protein, 123 g kg−1 crude lipid (Norsildemel, Bergen, Norway); 2 Nannochloropsis gaditana (445 g kg−1 crude protein, 333 g kg−1 carbohydrates, 45 g kg−1 ash, and 177 g kg−1 crude lipid); 3,4,5 purchased from Bacarel (Market Drayton TF9 3SJ, UK). CPSP90 is enzymatically pre-digested fishmeal. 6 780 g kg−1 crude protein (Lorca Nutrición Animal SA, Murcia, Spain); 7 Soybean protein hydrolysate, 650 g kg−1 crude protein, 80 g kg−1 crude lipid (DSM, 68128 Village-Neuf, France); 8 AF117DHA (Afamsa, Pontevedra, Spain); 9 P700IP (Lecico, 22761 Hamburg, Germany); 10 Local provider (Almería, Spain); 11,12,13,14 Lorca Nutrición Animal SA (Murcia, Spain); 15 Lifebioencapsulation SL (Almería, Spain). Vitamins (mg kg−1): vitamin A (retinyl acetate), 2,000,000 UI; vitamin D3 (DL-cholecalciferol), 200,000 UI; vitamin E (Lutavit E50), 10,000 mg; vitamin K3 (menadione sodium bisulphite), 2500 mg; vitamin B1(thiamine hydrochloride), 3000 mg; vitamin B2 (riboflavin), 3000 mg; calcium pantothenate, 10,000 mg; nicotinic acid, 20,000 mg; vitamin B6 (pyridoxine hydrochloride), 2000 mg; vitamin B9 (folic acid), 1500 mg; vitamin B12 (cyanocobalamin), 10 mg vitamin H (biotin), 300 mg; inositol, 50,000 mg; betaine (Betafin S1), 50,000 mg. Minerals (mg kg−1): Co (cobalt carbonate), 65 mg; Cu (cupric sulphate), 900 mg; Fe (iron sulphate), 600 mg; I (potassium iodide), 50 mg; Mn (manganese oxide), 960 mg; Se (sodium selenite), 1 mg; Zn (zinc sulphate) 750 mg; Ca (calcium carbonate), 18.6%; (186,000 mg); KCl, 2.41%; (24,100 mg); NaCl, 4.0% (40,000 mg); 16 TECNOVIT, Tarragona, Spain; 17 EPSA, Madrid, Spain.













 





Table 2. Body growth parameters of adult specimens of Sparus aurata at the end of the experiment (commercial stage) in the five experimental groups: C (microalgae-free diet); R2.5 and R5 (supplemented diet with 2.5% and 5% raw N. gaditana, respectively); H2.5 and H5 (supplemented diet with 2.5% and 5% hydrolyzed N. gaditana with cellulases, respectively).
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	Groups
	C
	R2.5
	R5
	H2.5
	H5





	BL (cm)
	31.19 a ± 0.13
	31.29 a ± 0.16
	31.37 a ± 0.12
	31.27 a ± 0.11
	31.27 a ± 0.12



	BW (g)
	487.38 a ± 5.48
	494.74 a ± 5.61
	494.51 a ± 5.00
	492.79 a ± 5.08
	502.31 a ± 5.79







Parameters: body length (BL), body weight (BW). Different lower-case letters superscripts among groups within each row indicate significant differences (p < 0.05) for each parameter. Values are expressed as the mean ± SEM. Mean values were obtained from thirty-nine specimens per group.













 





Table 3. Muscle growth parameters of adult specimens of Sparus aurata from the C, R2.5, R5, H2.5 and H5 groups at the end of the experiment (commercial stage).
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	Groups
	C
	R2.5
	R5
	H2.5
	H5





	W (mm2)
	2265.29 a ± 58.5
	2247.61 a ± 39.4
	2388.56 a ± 40.5
	2347.68 a ± 87.1
	2472.26 a ± 63.2



	D (µm)
	56.69 a ± 2.32
	39.93 b ± 5.31
	36.98 b ± 1.80
	65.16 a ± 5.89
	48.95 ab ± 2.32



	Dens
	167.14 a ±

8.95
	285.35 b ±

31.21
	286.04 b ±

15.84
	151.14 a ±

20.59
	199.31 ab ±

17.51







Parameters: white muscle transverse area (W), minor axis length of white muscle fibers (D), white muscle fibrillar density (number of white muscle fibers mm−2) (Dens). Different lower-case letters superscripts within each row indicate significant differences (p < 0.05) for each parameter among groups. Values are expressed as the mean ± SEM. Mean values were obtained from nine specimens per group.













 





Table 4. Fibrillar size percentiles of the white muscle fibers from C, R2.5, R5, H2.5 and H5 groups at commercial size.
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G

	
C

	
R2.5

	
R5

	
H2.5

	
H5




	
P

	
Area

	
D

	
Area

	
D

	
Area

	
D

	
Area

	
D

	
Area

	
D






	
5

	
50.23

	
5.76

	
7.75

	
1.89

	
7.35

	
1.79

	
36.38

	
5.19

	
10.73

	
2.47




	
10

	
165.61

	
10.20

	
9.74

	
2.39

	
9.14

	
2.28

	
97.37

	
8.39

	
13.52

	
2.99




	
20

	
588.11

	
20.85

	
12.72

	
2.99

	
11.93

	
2.84

	
578.97

	
21.78

	
19.88

	
3.79




	
25

	
1011.98

	
26.46

	
14.91

	
3.31

	
13.32

	
3.08

	
1398.81

	
33.45

	
24.05

	
4.32




	
30

	
1437.19

	
32.90

	
17.29

	
3.64

	
14.71

	
3.42

	
2093.45

	
42.12

	
31.41

	
5.10




	
40

	
2607.08

	
43.89

	
29.82

	
4.96

	
20.67

	
4.19

	
3452.80

	
54.69

	
258.25

	
13.39




	
50

	
4167.69

	
54.85

	
395.43

	
17.42

	
367.19

	
15.73

	
5088.07

	
66.86

	
1680.52

	
36.08




	
60

	
6033.88

	
63.81

	
2089.30

	
41.73

	
1907.63

	
39.96

	
7759.92

	
77.72

	
3991.25

	
56.70




	
70

	
8076.40

	
72.49

	
4973.99

	
62.70

	
4207.55

	
58.41

	
10,267.34

	
91.19

	
6452.29

	
72.87




	
75

	
9388.52

	
78.17

	
6357.26

	
71.61

	
5634.99

	
68.02

	
11,428.18

	
98.88

	
7970.48

	
80.89




	
80

	
10,750.09

	
84.30

	
7886.20

	
79.99

	
7616.89

	
77.91

	
13,131.05

	
105.03

	
9763.42

	
89.