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Simple Summary: Currently, microalgae are used as a partial substitute for fishmeal and fish oil in 
fish diets, but it is unknown if this can influence the long-term growth of the fish. In the present 
work, we have studied the long-term effects of diets enriched with the microalgae Nannochloropsis 
gaditana that were supplied to juvenile gilthead seabream, Sparus aurata, at two inclusion levels (2.5 
and 5%), either raw (R2.5 and R5 groups) or cellulose-hydrolyzed (H2.5 and H5 groups), for three 
months. Subsequently, all groups were transferred to a microalgae-free diet until commercial size 
was reached (1.6-year-old, ≈ 27 cm and ≈ 300 g). The results showed that three-month microalgae 
supplementation of the diets in juvenile fish had a long-term influence on the final body and muscle 
growth, as well as in the fibrillar constitution of the myotome. This influence depended on the state 
(raw versus hydrolyzed) and the microalgae inclusion levels in the diet, in such a way that the hy-
drolyzed diet mainly increased muscle growth and hyperplasia of the specimens, and this was 
greater at higher inclusion levels. The fact that microalgae inclusion in the juvenile diet can improve 
subsequent growth may be advantageous for fish farmers. 

Abstract: Currently, microalgae are used in fish diets, but their long-term growth effect is unknown. 
In this experiment, juvenile seabream specimens were fed with microalgae-enriched diets for three 
months, and then transferred to a microalgae-free diet for 10 months to assess long-term effects up 
to commercial size (≈ 27 cm and ≈ 300 g). The juvenile diets contained Nannochloropsis gaditana at 2.5 
or 5% inclusion levels, either raw (R2.5 and R5 groups) or cellulose-hydrolyzed (H2.5 and H5 
groups). The body length and weight were measured in 75 fish group-1 at commercial stage. The 
size, number, and fibrillar density of white muscle fibers and the white muscle transverse area were 
measured in nine fish group-1 at commercial stage. The results showed the highest body weight in 
H5 at commercial stage. The white muscle transverse area and the white fibres hyperplasia and 
density also showed the highest values in H5, followed by H2.5. In contrast, the highest hypertro-
phy was observed in C and R2.5, being associated with the lowest muscle growth in both groups. 
These results showed a microalgae concentration-dependent effect in hydrolyzed diets as well as 
an advantageous effect of the hydrolyzed versus raw diets on the long-term growth of Sparus aurata. 
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Gilthead seabream, Sparus aurata L., is a carnivorous teleost fish widely distributed 
in the Mediterranean and Atlantic seas. This species is a fast-growing commercial fish of 
great value for Mediterranean aquaculture. Currently, alternative protein and lipid 
sources to fishmeal and fish oil are being used in aquaculture due to the inconveniences 
that they entail: unsustainability, rising prices, and the need of obtaining them from ex-
tractive fishing, lipid oxidation of their fatty acids, etc. [1,2]. For this reason, fishmeal and 
fish oils are currently being partially replaced by products of plant origin. Removing fish-
meal from the diets of omnivorous species has been readily achieved, but this has been 
more difficult to implement in carnivorous fish and crustaceans [3]. It has been generally 
found that up to 50% fishmeal protein can be replaced by plant proteins in carnivorous 
fish diets without any negative effects on growth or fish welfare issues [2]. However, 
when aquafeeds have a percentage of vegetable protein greater than 50%, some studies 
have observed that the fish growth of some species is inferior to that of fish fed fishmeal-
based diets [4,5]. This is due to the presence of anti-nutritional factors in vegetable pro-
teins, indigestible carbohydrates, as well as less efficiency in protein digestion and amino 
acid absorption. In addition, the plant oil sources used are poor in long-chain polyunsatu-
rated fatty acids (PUFAs) [6]. All these factors entail disadvantages when an excess of 
terrestrial plants is used in the diet and can compromise fish health and nutritional value 
of fillets for human consumption [7-10].  

Currently, microalgae represent a promising candidate to partially replace terrestrial 
vegetables in aquafeeds. Overall, protein content of microalgae ranges from 30 to 55% (on 
a dry matter basis) [11]. Furthermore, microalgal protein shows comparable amino acid 
profiles among different species, characterized by a high content in essential amino acids, 
as reported by the comprehensive study of 40 species of microalgae by Brown et al. [12]. 
The lipid content of microalgae ranges from 2% to 50% on a dry matter basis and they are 
rich in polyunsaturated fatty acids [13]. With the improvement of fatty acids profile, the 
aquatic animals will have higher nutritional values and positively impact the consumers' 
health. Further, supplementation of microalgal PUFAs in diet could promote the growth 
and enhance the immune response of aquatic animals [14,15]. In addition, microalgae are 
rich in bioactive compounds, such as pigments, polyphenols, and vitamins, among others 
[12,16,17]. Different studies have pointed out that these bioactive substances can exert po-
sitive effects on several aspects of fish physiology, even if added at a low inclusion level 
(e.g., less than 10%) in feeds [18,19]. Given their current production costs, the interest in 
microalgae is turning from large-scale use as a main ingredient towards their use as fun-
ctional additives at low inclusion levels in feeds [20]. 

Among the main microalgae species that are cultivated as aquaculture feed, we can 
highlight: Isochrysis, Nannochloropsis, Pavlova, Phaeodactylum, Chaetoceros, Thalassiosira, Te-
traselmis, and Rhodomonas. The species that are used in aquaculture are selected following 
criteria such as the absence of toxic compounds, their nutritional values, and good diges-
tibility for the species to be fed. In this context, Nannochloropsis gaditana, by virtue of its 
richness in eicosapentanoic acid (EPA, C20:5n-3), pigments, and other natural antioxi-
dants and bioactive compounds [21-23], together with its availability at the industrial or 
semi-industrial scale [24,25], is a promising candidate as a commercial additive in Aqua-
feed [20]. So far, numerous studies have reported positive effects of microalgae-enriched 
diets on fish growth [26-32]. However, studies on the influence of microalgae on fish mus-
cle growth are still very scarce [33]. The skeletal muscle is the main constituent of the 
edible part of fish commercial species. Skeletal muscle structure strongly influences the 
organoleptic properties of the fillet, such as colour and—especially—texture [34–37], and 
it can be influenced by both extrinsic and intrinsic factors [37]. One of the most widely 
recognised exogenous factors is the diet [38,39]. Hence, those factors able to modify the 
muscle structure can have a considerable impact on fillet quality. Fish skeletal muscle 
growth occurs through a double mechanism that involves the formation of new fibres 
(hyperplasia) and the increase in volume of pre-existent fibres (hypertrophy). Whereas 
hypertrophy is based on increased protein synthesis and on the incorporation of nuclei to 
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keep the nuclei/cytoplasm ratio, hyperplasia requires the capacity of muscle fibre forma-
tion to go beyond embryonic development [40]. Ayala et al. [41] studied the effects of 
dietary supplementation with the microalgae Nannochloropsis gaditana for three months on 
juvenile sea bream growth. To that end, a control microalgae-free diet (C) was compared 
with four experimental diets, in which the protein content of plant origin was partially 
replaced by raw biomass of the microalga N. gaditana at 2.5 and 5% inclusion levels, or by 
enzymatically prehydrolyzed N. gaditana at 2.5 and 5%. Microalgal biomass enzyme pre-
treatment with cellulase was performed to increase the bioavailability of the cellular inner 
components. The results showed that microalgae not only lacked negative effects on body 
and muscle growth, but on the contrary, were beneficial for fish growth during the juve-
nile phase of this species [41], thus coinciding with other studies on Atlantic cod, Gadus 
morhua [32]. European sea bass, Dicentrarchus labrax [42,43], sea bream, and Senegalese 
sole, Solea solea [44,45], were fed with different species of microalgae. The results found by 
Ayala et al. [41] also showed that N. gaditana can be used as an alternative to the excessive 
use of plant products (mainly soybean) in the diet of gilthead sea bream.  

Different studies have indicated that the influence of the different rearing conditions 
on muscle growth in early stages of the fish can persist and produce long-term effects on 
growth mechanisms [46–53]. So far, long-term studies have only been carried out on en-
vironmental variables, such as temperature and photoperiod. However, the long-term ef-
fect of the diet on muscle growth in fish has not been evaluated yet. Therefore, the present 
work is aimed to study the possible long-term effect of microalgae-enriched diets supplied 
in the juvenile phase of seabream specimens. The study has been carried out with speci-
mens from the population studied by Ayala et al. [41]. For this purpose, at the end of the 
cited experiment [41], the five groups of fish were fed a standard diet (commercial feed) 
until they reached commercial size (approx. 300 g) and then the analyses of the present 
work were performed. Thus, the body growth and muscle growth dynamics (hypertro-
phy/hyperplasia) were analysed at the end of the production cycle of gilthead sea bream 
specimens. 

Muscle cellularity influences the characteristics of the fish fillet, namely textural pa-
rameters [34–37]. Under this perspective, it is worth evaluating the possible long-term in-
fluence of microalgae-containing diets on the physiology of muscle growth, and therefore, 
on the quality of the edible fraction of commercial fish. Currently, our research team is 
analysing the fillet quality of the specimens of this study to find out the influence of the 
diet on quality parameters and its possible correlation with muscle parameters. 

2. Materials and Methods 
2.1. Rearing Conditions, Experimental Diets, and Sampling 

This research was carried out at the Centro Oceanográfico de Murcia-Instituto Espa-
ñol de Oceanografía (COMU-IEO), CSIC from gilthead seabream specimens (Sparus au-
rata) that were obtained from a broodstock breed. These specimens were fed with different 
experimental diets in the juvenile phase for a three-month period (from ≈ 6.8 to 9.8 months 
of age). During this previous experiment, the body growth of the juvenile specimens was 
from ≈ 12 to 50 g (average body weight) and from ≈ 10 to 14 cm (average body length). At 
the end of the cited experiment, all the animals were transferred to a commercial microal-
gae-free diet, for 10 months, until the commercial stage of the seabream specimens. At this 
stage, the specimens were 1.6 years old. In addition, a control group (C group) was fed 
with a microalgae-free diet. Rearing conditions of the feeding trial during the juvenile 
stage can be consulted in Ayala et al. [41]. Briefly, the juvenile diets were elaborated with 
usual aquafeed ingredients, and enriched with the microalgae Nannochloropsis gaditana at 
two inclusion levels (2.5 or 5%)—either raw (R2.5 and R5 groups) or cellulase-hydrolysed 
(H2.5 and H5 groups). Juvenile specimens were classified in different feeding groups to 
be fed with the different diets for three months. Table 1 shows the composition of all the 
diets that were used during the juvenile period of the sea bream population of the present 
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work. Diets were formulated and manufactured at the CEIA3-Universidad de Almería fa-
cilities (Servicio de Piensos Experimentales, http://www.ual.es/stecnicos_spe) (Almeria, 
Spain) by using standard aquafeed extrusion processing procedures.  

Table 1. Ingredient composition of the experimental diets that were used during the juvenile period 
of sea bream specimens of the present work. Data are expressed in g kg–1 dry matter. 

Ingredient Composition (g kg-1 Dry Matter) 
Diets 

C R2.5 R5 H2.5 H5 
Fish meal LT941 150 150 150 150 150 
Raw N. gaditana  25 50   

Hydrolysed N. gaditana    25 50 
Squid meal2 20 20 20 20 20 

CPSP903 10 10 10 10 10 
Krill meal4 20 20 20 20 20 

Gluten meal5 150 150 150 150 150 
Soybean protein concentrate6 400 388 373 388 373 

Fish oil7 114 110 105 110 105 
Soybean lecithin8 10 10 10 10 10 

Wheat meal9 54 45 40 45 40 
Choline chloride10 5 5 5 5 5 

Betain11 5 5 5 5 5 
Lysine12 15 15 15 15 15 

Methionine13 6 6 6 6 6 
Vitamin and mineral premix14 20 20 20 20 20 

Vitamin C15 1 1 1 1 1 
Guar gum16 20 20 20 20 20 

1 694 g kg-1 crude protein, 123 g kg–1 crude lipid (Norsildemel, Bergen, Norway); 2–4 Bacarel (UK); 5 
780 g kg–1 crude protein (Lorca Nutricion Animal SA, Murcia, Spain); 6 Fish protein hydrolysate, 650 
g kg-1 crude protein, 80 g kg-1 crude lipid (DSM, France); 7 AF117DHA (Afamsa, Spain); 8 P700IP 
(Lecico, DE); 9 Local provider (Almería, Spain); 10–13 Lorca Nutricion Animal SA (Murcia, Spain); 14 
Lifebioencapsulation SL (Almería, Spain): Mix of vitamins (A, D3, E, K3, B1, B2, B6, B9, B12, H) and 
minerals (Co, Cu, Fe, I, Mn, Se, Zn, Ca). The proportions of these components can be consulted in 
Ayala et al. [43].; 15, TECNOVIT, Spain; 16 EPSA, Spain. 

The enzymatic hydrolysis was carried out from a sludge containing up to 150 g L–1 of 
biomass. A commercial cellulase (22178, Sigma-Aldrich, Madrid, Spain) was used for 4 h 
under controlled conditions (pH 5.0 and 50 °C under continuous stirring) providing 2% 
(w/w) cellulose [41]. Later on, the cellulolytic enzymes were inactivated by heating at 80 
°C for 15 min, and then used for manufacturing aquafeeds. As can be seen in Table 1, the 
percentage of fishmeal is relatively low in all diets (15%), while the percentage of vegeta-
bles is very high. In diets R2.5, R5, H2.5, and H5, N. gaditana is used as a partial substitute 
for soybean protein concentrate and wheat meal in order to check whether N. gaditana can 
also be used as an alternative to fishmeal, avoiding excessive use of vegetables in fish 
diets. However, the percentage of microalgae that was used in the diets was very low (2.5 
and 5%) due to the fact that the cost of microalgae is high, and thus we are looking for the 
lowest dose necessary to obtain an optimal result. In fact, Ayala et al. [41] observed that 
these low percentages were sufficient to obtain optimal results in sea bream juveniles. The 
present work investigates the long-term effect of the diet that was used in juvenile speci-
mens. To this end, after the experimental juvenile period, all fish were fed with a commer-
cial diet (Skretting, Burgos, Spain), free of microalgae, for a 10-month additional period. 
The rearing conditions were like those applied throughout the juvenile stage [41]: 2000-L 
tanks (1 tank group–1) in an open water circuit with natural temperature until reaching 22 
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°C, at which point the water flow was changed to a closed circuit that enables water cool-
ing, and thus avoids temperature rise during summer. Since then, water was kept around 
20 °C. Salinity was 37‰, dissolved oxygen was > 5.5 mg L–1, and ammonia values were < 
0.02 mg L–1. The photoperiod was natural (ranging from 10 to 13 daylight hours per day) 
and light intensity ranged from 100 to 150 lx. The number of fish per tank was 75. The 
groups of the present work were identified with the same nomenclature as the original 
juvenile batches: C (control, fed with a standard diet, microalgae-free), R2.5 and R5 (fed 
with raw N. gaditana at 2.5 and 5% inclusion level, respectively) and H2.5 and H5 (fed with 
cellulase pre-hydrolysed N. gaditana at 2.5 and 5%, respectively). The R5 group died due 
to a bacterial infection before sample collection, leaving only four experimental groups for 
the present study. No mortality was detected in the other experimental groups.  

At the beginning of the experiment, the juvenile specimens were 9.8-month-old, and 
the mean values of the body weight and body length were 50 g and 14 cm, respectively. 
After 10 months of receiving the same microalgae-free diet, the specimens reached com-
mercial size (≈ 27 cm, ≈ 300 g). Throughout the 10-month experiment, each group was kept 
in its respective experimental batch, in independent tanks, to study the long-term effects 
of the juvenile diet on the adult specimens. At the beginning of the experiment, the com-
mercial name of the diet was: D2 Optibream AE 1P. The size of the pellets was 2 mm and 
the composition was: 48.5% crude protein; 18% crude fat, 6.2% ash, 2.8% cellulose, and 
18.5 MJ/Kg digestible energy. Subsequently, the following commercial feed was used: D4 
Optibream AE 3P, with a pellet size of 4 mm and the following composition: 44% protein, 
20% fat, 6.5% ashes, 3.3% cellulose, and 18.5 MJ/ kg. 

The experimental diets were offered ad libitum (until apparent satiation) thrice a day: 
9:00 a.m., 2:00 p.m., 6:00 p.m. The amount of feed that was ingested by fish was daily 
recorded in each tank. The feed conversion ratios (total feed being consumed/weight gain) 
were calculated at the end of the experiment in each tank. 

Both at the beginning and at the end of the experiment, all fish from each group (75 
fish group–1) were collected and sedated with 40 ppm clove oil, and then their body length 
and body weight were individually recorded.  

2.2. Quantitative Analysis of Muscle Growth 
Overall, nine specimens from group-1 were slaughtered by overdose of anesthesia (60 

ppm of clove oil) and then cut transversely to the long body axis. The whole cross muscle 
section from each fish was photographed and then 5-mm thick whole-body slices were 
obtained from each fish. Subsequently, these body slices were cut into small blocks and 
then snap frozen in 2-methylbutane over liquid nitrogen. Later, sections of 8 μm thickness 
were obtained from those frozen blocks in a cryostat (Leyca CM 1850, Leica Microsistemas 
SLU, Barcelona, Spain). Subsequently, the sections were stained with haematoxylin-eosin 
for morphometric muscle studies under light microscope. Muscle growth was quantified 
by means of a morphometric analysis (Sygma-Scan Pro_5 system, Systat Software Inc., 
San Jose, CA, USA). The following parameters were measured: the transverse area of the 
white muscle and the white muscle cellularity (number of white muscles fibers, area and 
minor axis length of white muscle fibers, and white muscle fibers density). The average 
size 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 [37,53,54]. 

2.3. Statistical Analysis 
The statistical package SPSS 28 (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 and hence, the analysis of variance (ANOVA) and a 
post-hoc Tuckey test were used, for p < 0.05. However, nonparametric tests (U of Mann-
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Whitney and Z of Kolmogorov-Smirnov tests) were used in the cases of obtained Shapiro-
Wilk test’s values of p < 0.05. All the data were expressed as mean ± standard error (SEM). 

3. Results 
3.1. Body Parameters and Feed Conversion Ratios 

At the beginning of the experiment, the mean values of the body weight and body 
length of the juvenile specimens were 50 g and 14 cm, respectively. After 10 months of 
receiving the same microalgae-free diet, the different groups reached the following body 
growth parameters: 

R2.5 versus H2.5 groups: when comparing the body parameters of the commercial-
size specimens (1.6-year-old adult specimens) previously fed with raw versus hydrolyzed 
diets at the same concentration (2.5%), the body weight showed the highest values in the 
groups previously fed with the hydrolyzed diet (Table 2). However, these differences 
were not significant (p > 0.05) (Table 2). 

Table 2. Body growth parameters of adult specimens of Sparus aurata. 

 1.6-Year-Old Sparus aurata Specimens  
Groups C R2.5 H2.5 H5 
BL (cm) 26.92 a ± 0.16 27.11 a ± 0.15 26.97 a ± 0.14 27.1 a ± 0.12 
BW (g) 302.2 a ± 5.98 309.6 a ± 5.14 310.6 a ± 5.11 314.9 a ± 4.81 

Parameters: Body length (BL), body weight (BW). Different lower-case letters superscripts among 
groups indicate significant differences (p < 0.05) for each parameter. Values are expressed as mean 
± SEM. Mean values were obtained from 75 fish per group. 

H2.5 versus H5 groups: when comparing the body parameters from adult specimens 
previously fed with hydrolyzed diets at different concentrations (2.5 versus 5%), values 
tended to be higher in the 5% batch, although differences did not reach statistical signifi-
cance (p > 0.05) (Table 2).  

C group: The body parameters were lower in C than in the other groups (p > 0.05) 
(Table 2). 

The feed conversion ratios were similar in all the groups: 1.35; 1.33; 1.32, and 1.28 in 
C, R2.5, R5, H2.5, and H5, respectively. Thus, the values were optimal in all the groups, 
resulting in an average value of 1.3. 

3.2. Muscle Parameters 
The transverse section of the white muscle of all the specimens displayed the mor-

phological mosaic of fibrillar sizes typical of adult teleosts (Figure 1), with smaller fibers 
(new generation) interspersed among larger fibers (more mature fibers). 
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Figure 1. Transverse sections of the white muscle of commercial-size gilthead sea bream (1.6-year-
old adult specimens), from C (a), R2.5 (b,c), H2.5 (d), and H5 (e,f) groups. Hematoxylin-Eosin stain-
ing. W: white muscle fibres; nW: new white muscle fibres. The white muscle fibres density was 
higher in the H2.5 and H5 groups (d–f) than in the other groups (a–c). Bars 100 μm. 

R2.5 versus H2.5 groups: when comparing the muscle parameters of the adult speci-
mens previously fed with raw versus hydrolyzed diets at the same concentration (2.5%), 
the hydrolyzed diets increased the values of the transverse area of the white muscle (Table 
3). Regarding the muscle cellularity, the raw diets increased the size of the fibres (hyper-
trophy values: area and minor axis length of the white muscle fibers) (p < 0.05) (Table 3, 
Figure 2a), whereas the hydrolyzed diets increased the hyperplasia values (white muscle 
fibres number) (p < 0.05) (Figure 2b) and the fibrillar density (number of white fibres mm-

2) (Table 3; Figure 1b–d). 

Table 3. Muscle growth parameters of adult specimens of Sparus aurata. 

 1.6-Year-old Sparus aurata Specimens 
Groups C R2.5 H2.5 H5 
B (mm2) 1656.73a ± 65.5 1639.21a ± 85.78 1806.87a ± 62.50 1819.04a ± 69.56 
D (μm) 77.61a ± 0.59 78.56a ± 0.64 76.42b ± 0.60 72.60c ± 0.55 
Dens 174.24ab ± 7.16 160.09a ± 9.45 183.26ab ± 10.87 200.74b ± 10.34 

Parameters: Transverse area of the white muscle (B); 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 among groups indicate significant differences (p < 0.05) for each parameter. Val-
ues are expressed as mean ± SEM. Mean values were obtained from nine specimens per group. 
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Figure 2. Mean ± SEM values of the area of the white muscle fibres (a) and number of the white 
muscle fibres (b) of 1.6-year-old adult specimens of Sparus aurata from the C, R2.5, H2.5, and H5 
groups. Different lower-case letters indicate significant differences (p < 0.05) between groups for 
each parameter. Mean values were obtained from nine specimens per group. 

H2.5 versus H5 groups: when comparing the muscle parameters of the adult speci-
mens previously fed with hydrolyzed diets at different concentrations (2.5 versus 5 %), 
the highest concentration increased the values of the transverse area of the white muscle 
(Table 3), as well as the hyperplasia and the fibrillar density. In contrast, the lowest con-
centration of the hydrolyzed diets increased the hypertrophy values of the area and minor 
axis length of the white muscle fibers (p < 0.05) (Table 3; Figure 1d–f; Figure 2). 

C group: hypertrophy values of white muscle fibers (area and minor axis length) in 
C were similar to those found in the R2.5 group and higher than those measured in the 
H2.5 and H5 groups (Table 3, Figure 1a, Figure 2a). Hyperplasia values of C were similar 
to those found in R2.5 and H2.5, but significantly lower than those found in H5 (Figure 
2b). 

4. Discussion 
4.1. Long-term Influence of the Juvenile Diet with N. gaditana on Body Growth of Adult 
Specimens of Gilthead Seabream 

Fish muscle is plastic in its response to environmental conditions: feeding regime, 
temperature, photoperiod, salinity, etc. Hence, the external factors influence the number 
and size of red and white muscle fibres [54–60]. This influence can persist and cause long-
term effects [46–53]. In this context, the present work was carried out to determine the 
long-term effect of a juvenile feeding regime with raw and hydrolyzed N. gaditana in the 
fish muscle of seabream at commercial stage.  

The results of the present study showed similar and optimal feed conversion ratios 
in all groups. In relation to the body parameters, the highest body weight values were 
found in the H5 group, whereas the lowest values of this parameter were observed in the 
control group. This differs from what was previously found by Ayala et al. [41] in the 
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juvenile phase of this population, in which the highest body weight values were found in 
R2.5, with no significant influence of enzymatic hydrolysis of the microalgae on fish 
growth. However, during the juvenile phase of this population, the H5 group showed 
higher percentage of small and medium white muscle fibers than the other groups [41]. 
In teleost, the presence of a higher proportion of smaller white fibers implies greater 
growth potential [39,40,61], which might well explain the trend towards a higher growth 
rate in the H5 group specimens of the present work. On the other hand, it is necessary to 
indicate that, while three tanks per group were investigated in the juvenile phase [41], 
only one tank per group was studied in the present work, which could also influence the 
results. 

4.2. Long-term Influence of the Juvenile Diet with N. gaditana on Muscle Growth Parameters of 
Adult Specimens of Sparus Aurata 

The results indicate a long-term effect of the juvenile diet of gilthead seabream spec-
imens on the subsequent dynamic of muscle growth, reaching the greatest hypertrophy 
values in control and R2.5 groups, and the highest hyperplasia values in H2.5 and H5 
groups at commercial stage (1.6-year-old fish). The long-term effect of different rearing 
conditions, such as temperature and photoperiod, has been observed in previous studies 
in teleosts [48–51]. According to those studies, it seems that both temperature and photo-
period in previous rearing phases exert an "imprinting" effect on the muscle fibres, which 
determines the dynamics of muscle growth in later stages of the life cycle. This seems to 
occur through molecular mechanisms acting on the proliferation of myogenic precursor 
cells [51]. However, so far, no studies on the long-term effect of the diet on the fish muscle 
growth are known. The present work, therefore, provides evidence for the first time that 
the diet also has a long-term effect on growth. Given that feed is one of the most deter-
mining factors influencing production costs, the fact that small percentages of microalgae 
in the diets of juvenile fish benefit subsequent growth can help the aquaculture sector to 
optimize farming and improve profitability. 

The different cellularity (hypertrophy/hyperplasia) among the different groups in the 
present study evidences the plasticity of teleosts muscle under diverse feeding regimes, 
similarly to what had been observed in teleost species under different rearing conditions 
[37,53]. In general, hyperplasia is associated with faster growth than hypertrophy [61,62]. 
Our results agree with this trend in muscle dynamics. Thus, H2.5 and H5 groups showed 
the highest values of fibrillar hyperplasia and density, which paralleled the higher values 
of transverse area of white muscle as well as faster growth in both groups than C and R2.5 
groups. Furthermore, this effect was dose-dependent, as the higher inclusion levels of hy-
drolyzed microalgae diet increased the cited parameters. On the contrary, C and R2.5 
groups displayed the highest values of fibrillar hypertrophy, together with lower values 
of white muscle transverse area as well as a slower growth rate than H2.5 and H5 groups. 
This seems to indicate that the enzymatic hydrolysis of N. gaditana could improve the as-
similation of microalgae compounds in the diet of juvenile specimens, as has been sug-
gested by other authors [63], which in turn could favour the generation of muscle fibres 
and their potential growth. 

Considering that the different cellularity (hypertrophy/hyperplasia) influences fillet 
quality—mainly the texture—and the correlation between higher muscle fibre density and 
fillet firmness [34–37], we hypothesise that the H5 and H2.5 groups would have higher 
muscle firmness and improved fillet textural quality than the other groups. The latter will 
be verified by a complete quality analysis, which is being carried out by our research 
group. 

For aquaculture production, achieving the desired growth rate and ideal final quality 
is very important in terms of economic sustainability and improved quality of the final 
product. Although further studies on fillet quality will be necessary, the results of this 
experiment point to the possibility of optimising the final growth of seabream to commer-
cial size and likely to influencing quality parameters related to muscle structure by using 
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microalgae in juvenile diets, opening the way to a promising option for both fish farmers 
and the feed manufacturing industry.  

5. Conclusions 
1 The results indicate a long-term effect of diets for juvenile gilthead seabream on mus-

cle growth dynamics in later stages of culture. Thus, 1.6-year-old adult specimens of 
gilthead seabream previously fed with H5 and H2.5 diets for a period of 3 months in 
the juvenile phase showed the highest values of muscle hyperplasia, while adult fish 
that previously received C and R2.5 diets showed the highest values of muscle hy-
pertrophy. These results were dependent on the dose of hydrolyzed microalgae in 
juvenile diets, with higher hyperplasia values at higher inclusion levels.  

2 The fish growth increased parallel to the generation of muscle fibres in such a way 
that, at the same age (1.6-year-old specimens), the highest body weight and white 
muscle transverse area values were reached in the groups that showed the highest 
muscle hyperplasia values (H5 and H2.5). 

3 The highest values of hyperplasia and fibrillar density of the H2.5 and H5 groups 
seem to indicate a better assimilation of N. gaditana when the microalgal biomass was 
pre-treated with cellulase prior to be included in the diets of the juveniles, which 
resulted in a higher growth potential. These data suggest a higher fillet firmness, 
which is currently being analysed by our research group. 

4 As a general conclusion, the present work shows that low percentages of N. gaditana 
in the diet of sea bream specimens during a short period of their juvenile phase can 
improve their long-term growth and, therefore, optimize their culture. 
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