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Dietary supplementation with hydrolysates has been suggested to influence muscle protein synthesis and fish growth. This study assessed the impact of including 3% swine blood hydrolysates (BH) in a plant-based diet on muscle cellularity and the expression of molecular markers related to muscle fibre proliferation and hypertrophic growth of European seabass. Three BH fractions were obtained by two different processes, autohydrolysis (AH-H) and enzymatic hydrolysis followed by micro- (RMF-H) and nanofiltration (RNF-H). Each BH was added to a commercial-based diet, where 50% of fishmeal was replaced by vegetable proteins (negative control, NC). A fishmeal-based diet was used as positive control, PC. The diets were fed to juveniles (12 g) during 74 days. The RMF group showed down-regulation of myod1 and fgf4, essential to myoblast proliferation and differentiation, and upregulation of mafbx, responsible for protein breakdown, resulting in impairment of muscle hyperplasic growth and the lowest muscle fibres number. However, compensatory growth mechanisms were observed through capn1 downregulation and mymk upregulation, suggesting decreased muscle proteolysis and increased myoblast fusion. Despite this, the compensatory mechanisms were insufficient as RMF group had the worst growth. RNF group had a final weight similar to the NC, but downregulation of fgf4, fgf6 and capn1 may compromise growth potential at long term. The expression of these genes in the AH group was similar to that in the FM-based diet. Despite not having demonstrated growth promotion ability, BH affect muscle growth and cellularity factors, prompting further research on commercial-sized fish to reveal their impact on important commercial traits.
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1 Introduction

Aquaculture is an activity with great potential to meet the increasing demand for high-quality fish products, whilst also ensuring sustainable use of aquatic resources. The fast growth of this sector, together with the limited availability and increasing prices of marine-based ingredients such as fishmeal (FM) and fish oil, has forced the feed industry to look for alternative and more sustainable sources of dietary protein and lipid (Naylor et al., 2021). Vegetable protein sources have been considered as an alternative to FM but may negatively impact fish feed intake and growth (Torrecillas et al., 2017; Conde-Sieira et al., 2018; Martins et al., 2019; Costa et al., 2020; Fontagné-Dicharry et al., 2020), particularly in carnivorous fish species that have a high protein requirement, ranging from 45 to 55% (NRC, 2011). That is often attributed to poor palatability, lower quality, and anti-nutritional factors of vegetable dietary protein sources (Francis et al., 2001). In this regard, dietary supplementation with bioactive compounds has recently attracted great interest among aquafeed manufacturers to produce functional diets with benefits beyond their nutritional value (Daroit and Brandelli, 2021).

In mammals, dietary supplementation with hydrolysates has long been suggested to increase protein synthesis in skeletal muscle, promoting muscle building in exercise (Andersen et al., 2005; Manninen, 2009; López-Martínez et al., 2022), and resting situations (Shin et al., 2020), which has been associated with the bioactivity potential of such hydrolysates. In rainbow trout (Oncorhynchus mykiss) moderate inclusion of fish protein hydrolysates (FPH) in plant-based diets not only promoted feed intake and growth, but also improved feed efficiency, protein efficiency ratio, and the retention of some essential amino acids (Aksnes et al., 2006a; Aksnes et al., 2006b). Similar results were obtained in Atlantic salmon (Salmo salar) (Refstie et al., 2004; Hevrøy et al., 2005) and red seabream (Pagrus major) (Khosravi et al., 2015). Other studies have shown that the dietary inclusion of certain protein hydrolysates can induce alterations on myogenic processes and impact muscle development and growth in Atlantic salmon (Hevrøy et al., 2005), Senegalese sole (Solea senegalensis) larvae and post-larvae (Canada et al., 2018), and turbot (Scophthalmus maximus) juveniles (Wei et al., 2020). Furthermore, Hevrøy et al. (2005) demonstrated that dietary inclusion of a FPH increased protein accretion and the expression of myosin heavy chains (MyHC) in the muscle of Atlantic salmon juveniles. This increase was correlated with a higher specific growth rate, suggesting that FPH may affect muscle growth regulation and subsequently improve the growth performance of fish juveniles. A recent study from Wei et al. (2020) showed that a moderate inclusion (12%) of FPH in a feed for turbot reduced the expression of a negative regulator of muscle growth (mstn2) and increased muscle cross-sectional area. These positive results have been associated with specific chemical and structural characteristics of the peptides present in the hydrolysates (Carvalho et al., 2004; Swanepoel and Goosen, 2018), such as high digestibility and intestinal absorption (Martínez-Alvarez et al., 2015). It has recently been shown that many of the bioactive properties are attributed to specific functional peptides encoded in the parental protein structure, corresponding to short sequence of approximate 2-20 amino acids in length (Rizzello et al., 2016).

With advances in biotechnology and a push towards circular economy and zero waste, there is growing interest in the use of by-products as sources for functional ingredients in animal nutrition (Pal and Suresh, 2016). Animal and plant by-products can undergo chemical and enzymatic hydrolysis to generate high-quality peptides. These peptides have important nutritional and physiological functions in livestock, poultry, and fish, playing an essential role in the development of functional foods (Himaya et al., 2012). Focusing on the meat processing industry, a significant amount of non-edible by-products such as bones, skin, and blood (Toldrà et al., 2019; European Commission, 2021) are discarded, resulting in considerable environmental impacts and high costs for the animal production sector. Although blood is commonly processed into low-cost blood meal for animal feed or fertilizer (Bah et al., 2013; Adhikari et al., 2018), it is also a source of protein than can be used to produce high value-added products like hydrolysates rich in bioactive peptides (Bernardini et al., 2011). Blood hydrolysates (BH) have already been evaluated in aquafeeds for both larvae (Gisbert et al., 2012) and juveniles (Gisbert et al., 2021; Resende et al., 2022) with promising results. Gisbert et al. (2021) found that a 5% dietary inclusion of BH led to increased feed intake and growth of gilthead seabream (Sparus aurata) juveniles, while Resende et al. (2022) reported improved resistance to Tenacibaculum maritimum infection in European seabass (Dicentrarchus labrax) fed plant-based diets supplemented with 3% BH. Recent studies associated with the development of new hydrolysates suggest that the resulting bioactive properties are linked to specific peptides and the balance between medium and low molecular weight peptides (Offret et al., 2019; Resende et al., 2022). This highlights the importance of the hydrolysis method used in the regulation of fish muscle growth. However, the main physiological mechanisms underlying muscle fiber proliferation and size, as well as flesh textural properties, are still unclear.

To evaluate the potential of innovative BH as a dietary supplement for promoting muscle accretion and growth in European seabass juveniles, this study analyzed the expression of genes related to fish performance, energy metabolism, protein turnover, muscle cell proliferation, and differentiation. The aim is to determine whether including 3% swine BH in a plant-based diet for European seabass juveniles affects the dynamics of skeletal muscle growth.




2 Materials and methods



2.1 Experimental diets

Based on the known nutritional requirements of European seabass (NRC, 2011), five isoproteic (54% DM), isolipidic (16% DM) and isoenergetic (22 kJ/g DM) diets were formulated, and subsequently extruded (2 mm) by SPAROS, Lda. (Portugal): a fish meal (FM) based diet (positive control, PC), a commercially-based diet where 50% of FM was replaced by vegetable proteins (negative control, NC) and three experimental diets (RMF, RNF, AH) where 3% of each BH was added to the NC at the expense of wheat gluten (Table 1). These swine blood hydrolysates were obtained by two different processes, enzymatic hydrolysis and autohydrolysis, as described by Resende et al. (2022) and Araújo-Rodrigues et al. (2022). The hydrolysate mixture obtained enzymatically was further fractionated by microfiltration (500 kDa cut-off), with the retentate of the microfiltration being designated RMF-H, while the filtrate product was then subjected to nanofiltration (3 kDa cut-off), obtaining a retentate denoted RNF-H. All information regarding feed ingredients and diets composition are available at Resende et al. (2022).


Table 1 | Ingredients and proximate composition of experimental diets.






2.2 Animal husbandry

The fish trial and all animal procedures were subjected to an ethical review process carried out by CIIMAR animal welfare body (ORBEA-CIIMAR_18_2017) and were performed by accredited scientists in laboratory animal science by the Portuguese Veterinary Authority (1005/92, DGAV-Portugal, following FELASA category C recommendations), in compliance with the guidelines of the European Union (directive 2010/63/UE).

Juvenile European seabass were obtained from the commercial fish farm Acuinuga – Acuicultura y Nutrición de Galicia, S.L. (A Coruña, Spain), and transported to the Fish Culture Experimental Unit of CIIMAR (Matosinhos, Portugal). Fish were kept in quarantine, to adapt to the experimental conditions, for two weeks, and hand fed with a commercial diet (AQUASOJA, Portugal; 50% crude protein and 20% crude fat as DM basis).




2.3 Growth trial and sampling

After the acclimation period, fish were fasted for 24 h, slightly anaesthetized with 60 µL/L of 2-Phenoxyethanol (Sigma-Aldrich, MO, USA) and individually weighed (g) and measured (total length, cm). Fifteen homogeneous groups of 71 fish (initial body weight of 12.3 ± 1.4 g) were randomly distributed into a recirculating aquaculture system (RAS) composed of 15 fiberglass tanks of 250 L each, at a density of 3.5 kg/m3. Each tank was provided with filtered, heated (20 ± 1°C) saltwater (35 ± 1‰) at a flow rate of 16 L/min, and water quality parameters were regularly monitored. Dissolved oxygen level was maintained above 90% saturation and photoperiod was a cycle of 12h light/12h dark. Total ammonium (NH4+), nitrite (NO2-), nitrate (NO3-) and pH levels were monitored twice a week and maintained at levels recommended for this species (Kır et al., 2019). Each experimental diet was randomly allocated to triplicate tanks, and fish were manually fed until apparent visual satiety, three times a day for a period of 74 days. At the end of the growth trial, after a 24 h fasting period, all fish were slightly anesthetized (60 µL/L of 2-Phenoxyethanol) and individually weighed (g) and measured (total length, cm) for evaluation of growth performance. Additionally, three fish per tank (9 fish per treatment) were sacrificed with anesthetic overdose (0.5 mL/L of 2-Phenoxyethanol), for collection of muscle samples. For muscle morphometric analysis, fish were softly scaled on both sides and a cross-sectional fillet with skin (5 mm thick) was taken from the anterior region immediately before the dorsal fin position. Properly labelled, the fillets were quickly photographed with a scale reference for later determination of the white muscle cross-sectional area (CSA). The obtained fillet was divided into two pieces: the left part of the fillet was immediately frozen in isopentane cooled by dry ice and then stored at -80 °C for later determination of muscle cellularity; afterwards, the right side was sampled for gene expression analysis, chopped into smaller pieces, and immediately preserved in RNAlater™ stabilization solution (Thermo Fisher Scientific, Massachusetts, USA) before being stored at -80°C until RNA extraction.




2.4 Muscle morphometric analysis

The white muscle CSA was obtained by delimiting the white muscle area on the fillet photos taken at sampling, using the image analysis software Olympus CellSens. For morphometric determination of the number and size of the muscle fibers on each fish fillet, the frozen samples were cut in a cryostat (12 μm) and the membranes of muscle fibers were specifically marked using a primary antibody dystrophin (Santa Cruz Biotechnology, clone MANDRA1) and the Novolink™ Polymer Detection System kit (RE7140-K). The sections were incubated overnight at 4°C with the primary antibody diluted in 1:200 in Phosphate Buffered Saline (PBS) containing 1% of Tween™ 20. The prepared slides were photographed using an Olympus SC50 camera connected to an Olympus BX51 light microscope. Sixteen representative photos of white muscle fields within a CSA were taken per fish, at 100x magnification. The size and number of muscle fibers were determined in each photograph with the aid of the Olympus CellSens software. At least 900 fibers were measured per fish. With this procedure, it was also possible to calculate the following parameters: mean fiber diameter (calculated assuming that all fibers were circular), total number of white fibers in the CSA and fiber density (number of muscle fibers per area).




2.5 RNA extraction and cDNA synthesis

Total RNA was extracted from 15 mg of skeletal muscle using NZYol reagent (Nyztech, Lisbon, Portugal) following the manufacturer´s recommendations, with some modifications, as previously described by Ferreira et al. (2020). RNA quantity and purity was determined by spectrophotometry and assessed based on the absorbance ratio 260:280 nm, using a Take 3 Micro-Volume plate on a Synergy™ HT Multi-Detection Reader and the Gen5™ software (BioTek Instruments, Winooski, VT, USA). RNA integrity was evaluated based on gel electrophoresis in a 1% (w/v) agarose TAE gel stained with Gel Red™ nucleic acid stain (Biotium, Hayward, CA, USA). Afterwards, a total of 1μg of RNA was reverse transcribed to cDNA using NZY First-Strand cDNA Synthesis Kit (Nyztech, Lisbon, Portugal), following the standard protocol.




2.6 mRNA abundance analysis by RT-qPCR

Expression of genes related to a) growth (GH/IGF system): growth hormone receptor I and II (ghr-i and ghr-ii), insulin-like growth factor I and II (igf-i and igf-ii), insulin-like binding-protein 3a (igfbp3a), insulin-like binding-protein 5b (igfbp5b) and, insulin-like binding-protein 6b (igfbp6b); b) energy metabolism: citrate synthase (cs); c) muscle cell proliferation and differentiation: myoblast determination protein 1 and 2 (myod1 and myod2), myogenic regulatory factor 4 (mrf4), myogenic factor 5 (myf5), myostatin (mstn), follistatin (fst), fibroblast growth factor 4 and 6 (fgf4 and fgf6), muscle RING-finger protein 1 (murf1), muscle atrophy F-box (mafbx), myomaker (mymk); and d) protein turnover: calpain 1, 2 and 3 (capn1, capn2 and capn3), calpastatin (cpst), was assessed by reverse transcription q-PCR. Quantitative PCR assays were performed with CFX384 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA), with NZYSpeedy qPCR Green Master Mix (2x) (Nyztech, Lisbon, Portugal). Reactions were carried out with 40 – 400 nM of each primer (forward and reverse), 5 μL of Green Master Mix and 2 μL of cDNA, in a total reaction volume of 10 μL. Thermal cycling conditions were 95°C for 2 min, followed by 40 cycles of two steps, 95°C for 5 s followed by primer annealing temperature (60–62°C) for 28 s (annealing temperatures are presented in Table 2). Following the final PCR cycle, post-amplification dissociation curves were systematically monitored (60–95, 0.5°C in each cycle) to ensure reaction specificity. PCR efficiency was analyzed in serial, 2-fold dilutions of cDNA by calculating the slope of the regression line of the cycle thresholds (Ct) vs. the relative concentration of cDNA from a sample pool of all experiments, and only values between 90 and 110% were accepted (The R2 for all genes assessed was higher than 0.985). Each sample was analyzed in duplicate and samples without cDNA were run as negative control. Relative quantification of target gene transcripts was done using elongation factor 1α (eef1a1) and β-actin (β-actin) as housekeeping genes, following the Pfaffl method (Pfaffl, 2001).


Table 2 | Oligonucleotide primers used in the reverse transcription–qPCR analysis.






2.7 Statistical analysis

All data were tested for normality and homogeneity of variances by Kolmogorov-Smirnov and Levene’s tests, respectively, and adequately transformed whenever required. One-way ANOVA was applied to analyze data, using the SPSS (IBM SPSS Statistics 26, IL, USA) software. Whenever significant effects of treatments were detected, means were compared through the pairwise Tukey multiple comparison test. In all cases, the minimum level of significance was set at P < 0.05 for all analysis. Furthermore, Pearson’s correlations were evaluated for the data and considered a two-tailed analysis of 0.05 and 0.01.





3 Results



3.1 Growth performance and muscle cellularity

After 10 weeks of feeding the experimental diets, all groups at least tripled their initial weight, except for fish fed RMF (Table 3). Fish fed RNF had similar BW and BL as those fed the NC, but differed significantly from the PC group that had the best performance. Fish fed RMF diet had the lowest body weight and size. White muscle CSA varied between 265 and 352 mm2, total number of fibers ranged from 73 to 97 thousand, and fiber density from 272 to 289 n/mm3. Fish fed the RMF diet showed significantly smaller white muscle CSA when compared to all other groups, and the lowest number of fibers. However, there were no differences among dietary treatments for fiber density values (Table 3). Fibers’ average diameter varied between 60 and 65 µm (Table 3), with only 5-7% of them being lower than 20 µm and 3-4% higher than 120 µm (Figure 1). As shown in Figure 1, fish fed RMF diet had the lowest percentage of both small (< 20 µm) and large sized-fibers (>120 µm), but the highest percentage of intermediate size fibers (40-60 µm). The larger fiber size and reduced number of small-sized fibers in RMF group (Figure 2C) compared to the other groups (Figures 2A–E) can be depicted in the muscle cross sectional sections.


Table 3 | Growth performance indicators and muscular cellularity parameters of European seabass fed experimental diets.






Figure 1 | White muscle fibers distribution per size classes of European seabass fed experimental diets. Values represent mean ± SEMs (n=9, 3 fish/replicate). In each diameter range, different letters indicate significant differences between treatments, P < 0.05.






Figure 2 | White muscle cross section from European seabass fed with (A) PC, (B) NC, (C) RMF, (D) RNF, (E) AH diets, where small size fibers (≤ 40 µm), are represented in red (200x magnification).






3.2 Gene expression

The relative gene expression of key selected markers in muscle is shown in Table 4. Among all the analyzed genes, five markers of cell proliferation and differentiation and one marker of protein turnover were differentially expressed with the inclusion of the various BH in the diet. Regarding markers related to the growth performance, the expression of ghr-ii showed significant differences among groups, with an upregulation in fish fed RMF diet when compared to the groups feeding upon diets including hydrolysates (i.e., RNF and AH groups), but without differences from the control groups.


Table 4 | Relative expression of muscle genes of European seabass fed experimental diets.



Although fish fed the NC were smaller than those fed the PC, no differences could be observed in either muscle cellularity or muscle proliferation and differentiation-related genes. The only exception was a downregulation of fgf4. Genes related to cell proliferation were the most affected by BH inclusion: RMF diet was associated with a down-regulation of myod1 and fgf4 expression, and an up-regulation of mymk, compared to the PC; RNF diet down-regulated both fgf4 and fgf6 in relation to the PC and the AH. Fish fed the AH diet did not show differences in the expression of any of these muscle growth markers as compared to the PC group. In terms of protein turnover, most genes remained unaffected by the dietary treatments, with the exception of cpn1 expression that was down-regulated in fish fed either RMF and RNF diets in relation to the PC.




3.3 Pearson correlations

The total number of fibers displayed strong correlations with muscle CSA, BL and BW (Table 5). Furthermore, both BL and BW were strongly correlated with intermediate size fibers (20-40 µm, 40-60 µm and 80-100 µm). The expression of fgf4 was positively correlated with fgf6, myod1 and calpain family genes. Moreover, capn1 in particularly was correlated negatively with fibers of intermediate size and myod1 showed negative correlation with BW and the number of fibers. Mymk expression was correlated with mafbx and fibers of 80-100 µm, and was also negatively correlated with CSA, total number of fibers, fibers of 20-40 µm, BL and BW. While mafbx were correlated with CSA and the number of fibers.


Table 5 | Pearson correlations between some evaluated parameters.







4 Discussion

Muscle development and growth relies on protein deposition, as the net result between the in-situ protein synthesis and protein breakdown. White skeletal muscle constitutes the bulk of fish axial locomotor muscle and a major part of body mass in most fish. Therefore, protein deposition in the white muscle is a determining factor to the overall growth of larvae and juvenile fish (Houlihan et al., 1995; Carter and Houlihan, 2001). While protein quality (dietary amino acid profile) directly influences protein deposition and growth performance through the delivery of all the amino acids required for protein synthesis in muscle, dietary protein complexity influences its digestibility and thus amino acids bioavailability (Canada et al., 2016). The use of protein hydrolysates promotes muscle building in mammals, as they provide highly digestible protein and readily available amino acids that being rapidly delivered to the muscular tissue should promote protein accretion in the muscle (Poullain et al., 1989; Kanda et al., 2013; Nakayama et al., 2019). The aquafeed industry has recently shown a great interest in hydrolysates as a source of bioactive peptides, which can improve the nutritional value of end products and contribute to fish welfare. The current study demonstrates that the addition of novel swine BH to plant-based diets has a detrimental impact on the growth of European seabass muscle by myogenic processes.

The growth of fish fed the NC diet was worse than that of those fed the PC diet, which confirms the negative impact of conventional plant protein sources in aquafeeds on the growth and health of carnivorous fish due to their detrimental characteristics (Francis et al., 2001). Growth impairment has also been reported in European seabass (Costa et al., 2020), salmonids (Aksnes et al., 2006b; Alami-Durante et al., 2010; Wong et al., 2013) and gilthead seabream (Gómez-Requeni et al., 2004; Martínez-Llorens et al., 2012) with similar levels of FM-replacement. Additionally, the substitution of 50% FM by plant proteins (NC diet) negatively affected European seabass myogenesis regulation. This was associated with the downregulation of the fibroblast growth factor fgf4, although no differences were observed in muscle cellularity. Fish fed the NC diet also showed a decreasing trend in the expression of other myogenesis regulatory genes such as fgf6, myod1 and calpain family genes, when compared to those fed the PC diet. Indeed, we have found a strong positive correlation (P<0.001) between fgf4 and these genes. In rainbow trout, Alami-Durante et al. (2010) described changes in muscle fiber size distribution when FM was replaced by vegetable protein, but only when the substitution exceeded 75%. Significant differences were also observed in the expression of genes involved in protein degradation, such as cathepsin, in fish fed diets completely devoid of FM.

Protein hydrolysates added to aquafeeds have been reported to increase feed intake and feed utilization (Refstie et al., 2004; Zheng et al., 2012; Zheng et al., 2013; Bui et al., 2014; Khosravi et al., 2015), resulting in satisfactory somatic growth in juvenile red seabream, Atlantic salmon, Japanese flounder (Paralichthys olivaceus), and turbot. For instance, Khosravi et al. (2015) demonstrated that a diet with 50% FM replaced by soy protein and supplemented with hydrolysates from shrimp coproducts outperformed FM-based diets in red seabream. Similarly, Costa et al. (2020) and Leduc et al. (2018) supplemented plant-based diets for seabass with marine hydrolysates at 3% and 5-10%, respectively, achieving the same fish final weight as a high FM diet. However, in the present study, supplementation of a low FM diet (NC) with 3% of BH was not able to improve European seabass growth in juveniles. Fish fed the RNF diet reached a similar body weight and length as those fed the plant-protein rich diets (NC), but still lower than those fed the FM-based diet (PC). Furthermore, fish fed the RMF and AH diets showed even poorer growth performance compared to both controls. Variations in the effects of hydrolysates on fish growth observed in different studies in literature suggest that the origin of raw materials, enzymatic processing, and inclusion level are determining factors in the functional properties of hydrolysates obtained (Chotikachinda et al., 2013; Opheim et al., 2015; García-Moreno et al., 2017; Lajmi et al., 2019; Costa et al., 2020). Most studies testing the inclusion of marine hydrolysates in a diet evidenced an improvement in fish growth. However, a recent study reported impaired growth in meagre (Argyrosomus regius) when fed diets with FM replacement and 5% inclusion of porcine plasma hydrolysates (Fernández-Alacid et al., 2021). Similarly, Xu et al. (2017) reported reduced growth in turbot when fed a diet containing 20% plant protein and 8% pig BH, compared to a 30% FM-based diet. Despite this, there is growing evidence suggesting that protein hydrolysates derived from swine blood could be a functional ingredient for aquafeeds. Resende et al. (2022) showed for the first time in fish that the same BH used in this study had a beneficial effect against tenacibaculosis in juvenile seabass. In addition, Gisbert et al. (2021) observed a reduced incidence of malformations and an accelerated development of intestinal digestion.

The muscle cross-sectional area of European seabass fed the different BH generally exhibited trends similar to those observed in final body size and length, which in turn reflected differences in white muscle cellularity, specifically in the total number of fibers and fiber size distribution. While fiber density remained relatively constant among the experimental diets, significant differences were detected in the total number of fibers and fiber size distribution. Fish fed the RMF diet showed reduced muscle growth, mainly due to a lower total number of fibers. This was supported by a positive correlation found between the number of fibers and CSA, BL and BW. The size-class distribution of fibers in fish fed RMF, particularly the lower percentage of small-sized fibers (< 20 µm), indicates a decreased capacity for fiber recruitment compared to the other groups. Similarly, Voss et al. (2021) have also observed that Nile tilapia (Oreochromis niloticus) fed diets containing an enzymatically produced okara hydrolysate showed a decrease in the percentage of small-sized fibers (≤ 30 µm) and promoted muscle hypertrophy.

In this study, the reduced total number of fibers and lower percentage of small-sized fibers observed in European seabass fed the RMF diet can be partially attributed to the downregulation of myod1 (myoblast determination factor) compared to the PC group. Myod1 is involved in the commitment of myoblasts to form the population of myogenic progenitor cells (Rescan, 2001) and is associated with the formation of new muscle fibers. The observed positive correlation between myod1 and final BW supports the direct impact of downregulated myod1 expression on muscle CSA and fish final BW. Furthermore, fish fed RMF showed slight upregulation of mafbx, responsible for protein breakdown (Bodine et al., 2001), which negatively correlated with muscle CSA and the total number of fibers. However, compensatory growth mechanisms seem to have occurred in these fish, as evidenced by the concomitant downregulation of capn1 and up-regulation of mymk, suggesting a reduction in muscle proteolysis and increased myoblast fusion (Salem et al., 2005; Honda et al., 2008; Macqueen et al., 2010). These results can partially explain the higher percentage of intermediate fibers in the RMF group. Specifically, a negative correlation was observed between capn1 and fibers size-classes between 40-60 µm and 60-80 µm, and a positive correlation between mymk expression and 80-100 µm fibers. Nevertheless, these compensatory mechanisms were insufficient to support adequate muscle growth in these group of fish.

Contrary to the RMF group, fish fed either the RNF or the AH diet showed no differences on CSA, total number of fibers, and fiber size distribution when compared to the NC or PC. However, a downregulation in the expression of fibroblast growth factors (fgf4 and fgf6) and calpain1 could be perceived in the RNF group, suggesting both a lower muscle proliferative and differentiation capacity, as well as lower protein breakdown. In contrast, the group fed the AH diet showed transcript levels of fgf 4 and fgf6 that were similar to the PC group and tended to be higher than the NC group. This might explain the increasing trend for a high percentage of small-sized fibers, although it did not result in overall growth. Nevertheless, the increased percentage of small-sized fibers suggests a higher growth potential in the long-term. A longer trial is required to assess the full potential of dietary supplementation with AH on white muscle building and overall growth in European seabass. Additionally, fractionation of the AH-H may be of interest as selecting smaller-sized peptides from this hydrolysate (Resende et al., 2022) may enhance the higher growth potential. The downregulation of ghr-ii in the RNF and AH groups compared to both control groups is somewhat puzzling considering the weight gain results. An opposite effect, as observed in the RMF, would be expected in the RNF and AH groups, although not as pronounced since the final weight was closer to that of NC fed fish.

The effects of dietary inclusion of hydrolysates on muscle growth-related genes vary greatly depending on the hydrolysate properties, source, and processing. For example, Wei et al. (2020) found that a 12% inclusion of a FPH (at the expense of FM) in diets for turbot maximized muscle CSA and reduced myostatin mRNA levels, while no impact was observed in myf5 or myod. In contrast, a plant protein hydrolysate and a FPH with different peptide profiles, included in diets for Senegalese sole larvae, had varying effects on muscle-related genes. The plant hydrolysate resulted in a down-regulation of myf5, myod2 and myogenin (Canada et al., 2018). In mice, oral administration of a whey protein hydrolysate mixed with Panax ginseng berry extract did not alter myod expression, but reduced myostatin and increased myogenin mRNA levels, as well as muscle CSA. To the best of our knowledge, the only work that has evaluated the impact of porcine BH on muscle properties has focused on muscle fiber type conversion (from fast-twitch to slow-twitch) using mice as a model. The authors claimed that the hydrolysate improved exercise performance through the promotion of slow-twitch fiber expression (Jin et al., 2022).

Integrating fundamental and applied research allows us to accurately characterize the modulatory potential of certain hydrolysates for specific functions, helping us make more informed selections of ingredients based on the physiological functions we aim to improve. The results presented in this study are an important and innovative evaluation of the impact of BH on essential metabolic pathways for fish growth and muscle development. Previous research has shown that BH can enhance infection resistance (Resende et al., 2022). While they may not have demonstrated the ability to promote juveniles’ growth, BH can influence the dynamics of skeletal muscle growth, potentially affecting flesh quality traits. Therefore, additional research on the impact of incorporating these hydrolysates into the diet of commercially-sized fish over varying time periods would be valuable in evaluating their effects on muscle cellularity and texture. This research would aid in assessing how the hydrolysates affect the desired flesh properties of consumers.




5 Conclusions

The results of this study indicate that BH have the potential to influence the mechanisms involved in regulating white muscle cellularity, which may have implications for important economic traits such as growth potential. This study also provides the first evidence that swine BH may module the expression of muscle growth markers and, thus, fish growth dynamics. Future studies should take into account various factors such as diverse processing methods, inclusion levels of BH in aquafeeds, and feeding periods, in order to enhance the production performance of seabass from both immunological and physiological perspectives. Furthermore, integrative studies are needed to more confidently link the roles of genes explored and the underlying mechanisms, with a focus on growth up to a commercial size, and muscle texture, which is a major factor in assessing the perceived quality of fish by consumers.
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F: GCAGCAGCTTCTCGACCAGTA
61 AY839106
mstn R: ATCGTCGTCCTCCATAACCACATC
F: GTGCCAGTGACAACACCACATATCC
62 MK983166
fit R: ATCCCGAGTGCTTGACTTCCA
F: GGCTTTGTGACCGGAATGG
61 GCA_000689215
Jfef4 R: GTCCGCTGTCCCGTTCAG
F: CAACGCCTACGAGTCTCTGGTCTAC
61 AY831723
fefo R: GCCATGCTTGCTGAGTGCTATGT
F: TGGTGCGTCCTGTCAGTG
61 GCA_000689215
murfl R: CGGCTTGGTGAACATCTCAA
F: ACTGAGGACCGACTGCTGTGGAAGA
61 MK983167
mafbx/ R: TGTCTGTCTGTGAAGTGGTACTGGCAAAGT
F: ATCTGTCTCTGGCTGTGTCCTTCAT
61 GCA_000689215
mymk R: CAGCATTTCGTCCCGCCCT
F: CTACAGAGGAAATCCGACTAAGC
61 FJ821591
capnl R: CGGTCCATTCCACTTCCC
F: AACGAACTGACATCCGAACTGA
61 MK983168
capn2 R: ATTGCCGCTGTCATCCATCA
F: ATACCGACGGGACAGGGAAG
61 MK983169
capn3 R: GCTGCCACGCCTTGATCTT
F: AGACGACACGCTGCCTCCA
61 MK983170

cpst R: CTCAGTGGTTTAGGGACATCCTTGGGTTT

Reference genes: B-actin and eeflal (elongation factor 10:). Target genes: ghr-i, growth hormone receptor-type I; ghr-ii, growth hormone receptor-type I1; igf-i, insulin-like growth factor I; igf-ii,
insulin-like growth factor II; igfbp3a, insulin-like binding-protein 3a; igfpbsb, insulin-like binding-protein 5b; igfbp6b, insulin-like binding-protein 6b; cs, citrate synthase; myod1, myoblast
determination protein 1; myod2, myoblast determination protein 2; mrf4, myogenic regulatory factor 4; myf5, myogenic factor 5; mstn, myostatin; fst, follistatin; fgf4, fibroblast growth factor 4;
fofé. fibroblast growth factor 6; murfl, muscle RING-finger protein 1; mafbx, muscle atrophy F-box; mymk, myomaker; capnl, calpain 15 capn2, calpain 2; capn3, calpain 3; cpst, calpastatin.





OEBPS/Images/table4.jpg
ghr-i 1.00 £0.11 092 £0.11 0.87 £0.11 0.61 +0.07 092 +0.10 0.094
ghr-ii 1.00 £ 0.19ab 1.07 £ 0.16ab 1.46 + 0.15a 0.67 + 0.06b 0.87 + 0.12b 0.014
igf-i 1.00 £ 0.16 1.09 +0.28 0.79 + 0.06 095 +0.13 0.96 + 0.11 0935
igf-ii 1.00 +0.13 1.02 +0.10 0.92 +0.07 0.74 +0.08 0.88 +0.08 0.240
igfbp3a 1.00 £ 0.14 112 £0.15 0.94 +0.12 0.76 + 0.04 0.99 +0.08 0.448
igfbp5b 1.00 +0.12 0.98 +0.11 0.78 + 0.06 0.78 + 0.09 1.05 +0.13 0.264
igfbp6b 1.00 £ 0.15 1.18 £ 0.20 0.84 + 0.07 0.68 + 0.09 1.09 £ 0.14 0.143
cs 1.00 £0.15 1.05 £0.11 1.05 £ 0.11 0.65 + 0.05 098 +0.12 0.122
myod1 1.00 +0.13a 0.77 + 0.06ab ‘ 0.60 + 0.06b 0.71 + 0.08ab 0.77 + 0.09ab 0.033
myod2 1.00 £ 0.19 091 £0.19 0.96 + 0.15 0.69 + 0.09 093 +£0.13 0.669
mrf4 1.00 £0.13 0.87 £0.10 0.97 +0.10 1.09 £ 0.19 1.04 £0.11 0.827
myf5 1.00 +£0.18 101 £0.12 0.83 +0.09 0.72 + 0.06 0.79 +0.09 0.509
mstn 1.00 £0.19 1.20 £0.20 1.01 £ 0.19 0.81 +0.07 1.01 £0.16 0593
Sst 1.00 +0.14 0.67 £ 0.07 1.09 £ 0.19 071 +0.14 0.88 +0.16 0.202
Jef4 1.00 + 0.14a 0.55 + 0.08bc 0.61 + 0.04bc 0.39 + 0.05¢ 0.81 £ 0.1ab <0.001
Jef6 1.00 £ 0.16a 0.64 + 0.12ab 0.89 + 0.13ab 0.43 + 0.06b 091 + 0.09 0.008
murfl 1.00 £0.15 0.66 +0.13 131 £0.17 0.82 +0.18 121 £0.20 0.054
mafbx 1.00 + 0.17ab 0.58 + 0.10b 133 £0.22a 0.63 + 0.16b 0.81 + 0.13ab 0.011
mymk 1.00 £ 0.16b 1.19 £ 0.16b ‘ 2.00 +0.24a 0.67 + 0.11b 1.00 + 0.16b <0.001
capnl 100 +0.11a 0.89 + 0.12ab 0.56 + 0.05bc 0.47 + 0.04c 0.74 + 0.08abc 0.001
capn2 1.00 £ 0.14 0.80 £ 0.10 0.84 + 0.06 071 +0.12 0.77 £ 0.08 0.346
capn3 1.00 £0.15 0.97 £0.11 0.98 +0.12 0.66 + 0.05 095 +0.14 0.393
cpst 1.00 +0.12 0.88 +0.15 0.87 +£0.10 0.57 +0.07 0.83 +0.09 0.113

Values represent mean + SEMs (n=9, 3 fish/replicate). In each row, different letters indicate significant differences between treatments, P < 0.05.
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Final BW' (g) (n=213) 51.73 + 8.68a 48.93 + 8.21b 3337+527d 47.01 + 7.30bc 46.62 + 7.76¢ <0.001

Final BL? (cm) (n=213) 16.3 + 0.8a 16.1 + 0.9b 14.6 + 0.8d 15.9 + 0.8bc 15.9 £ 0.9¢ <0.001
CSA? (mm?) 351.7 £37.1a 3353 £ 43.8a 265.7 + 23.9b 335.8 + 41.9a 314.1 +22.6a <0.001
Total n° of fibers x 10° 94.5 + 11.7ab 97.3 £ 21.01a 73.3 £ 15.6b 92.0 + 20.5ab 87.1 £ 12.7ab 0.039
Fibre’s density (n/mm?) 286.0 +23.4 289.0 + 404 276.0 £ 55.8 2722 +372 283.5 +24.8 0.884
Mean fiber diameter (um?) 61.7 £ 3.6 60.7 £ 4.5 64.7 £7.5 63.2+43 61.6 £ 4.4 0472

'BW - body weight; *BL ~ body length; *CSA ~ Cross-sectional area. Values represent mean + standard deviation (n=9, 3 fish/replicate, except where stated). In each row, different letters indicate
significant differences between treatments, P < 0.05.
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Diet ingredients (%)

Fishmeal LT70° 25.00 1250 12.50 12550 12550
Soy protein concentrate” 25.00 25.00 25.00 25.00 25.00
Wheat gluten® 10.70 1350 10.00 10.10 1020
Corn gluten® 7.50 15.00 15.00 15.00 15.00
Soybean meal 48° 5.00 10.00 10.00 10.00 10.00
Wheat meal’ 12.10 v 724 744 | 734 7.34
Fish oil® 13.00 1340 13.70 13.70 13.60
Vit & Min Premix" 050 0.50 050 050 0.50
DCP! 1.20 2.80 2.80 2.80 2.80
L-Tryptophan 0 0.06 0.06 0.06 0.06
I RMF-H/ 0 0 3.00 0 0
RNE-H* 0 0 0 3.00 0
AH-H' 0 0 0 0 3.00

Proximate composition (%DM)

DM 96.92 96.24 94.63 97.00 9396
Ash 849 7.93 7.73 7.87 8.04

Crude protein 54.42 54.24 54.72 54.57 54.63
Crude fat 1581 15.93 15.79 1621 16.03
Energy (kJ/g DM) 2.14 2237 2244 2255 2269

*Peruvian fishmeal — low temperature (LT; 71% crude protein, 11% crude fat), EXALMAR, Peru.
"Soy protein concentrate (63% protein, 0,7% lipids), ADM, Animal Nutrition ™, The Netherlands.

“Wheat gluten composition: DM: 901 g kg™'; protein: 838 g kg™ DM; lipids: 16 g kg™

dCorn gluten feed: 61% CP, 6% CF, COPAM, Portugal.

“Dehulled solvent extracted soybean meal (47.7% CP, 2.2% CF), CARGILL, Spain.

"Wheat meal (10.2% protein, 1.2% lipids), Casa Lanchinha Lda., Portugal.

%Sardine oil, Sopropéche, France.

"Vitamin and mineral premix: INVIVO 1%, Premix for marine fish, PREMIX Lda, Portugal. Vitamins (IU or mgkg™" diet): DL-alpha tocopherol acetate, 100 mg; sodium menadione bisulphate,
25 mg; retinyl acetate, 20,000 1U; DL-cholecalciferol, 2000 IU; thiamin, 30 mg; riboflavin, 30 mg; pyridoxine, 20 mg; cyanocobalamin, 0.1 mg; nicotinic acid, 200 mg; folic acid, 15 mg; ascorbic
acid, 1000 mg; inositol, 500 mg; biotin, 3 mg; calcium panthotenate, 100 mg; choline chloride, 1000 mg, betaine, 500 mg. Minerals (g or mg kg™ diet): cobalt carbonate, 0.65 mg; copper sulphate,
9 mg; ferric sulphate, 6 mg; potassium iodide, 0.5 mg; manganese oxide, 9.6 mg; sodium selenite, 0.01 mg; zinc sulphate,7.5 mg; sodium chloride, 400 mg; calcium carbonate, 1.86 g; excipient
wheat middlings.

'Di-calcium phosphate.

‘Blood hydrolysate: retentate from microfiltration.

kBlood hydrolysate: retentate from nanofiltration.

'Blood hydrolysate: produced by auto-hydrolysis.

Adapted from Resende et al. (2022).
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NF BL BW F [40-60[ F [80-100[ fgf4 fgf6 capni capn2 capn3 myod1 mymk mafbx
CSA 0.770* 0708 0.751% -0.341% -0.261 -0.004 -0.224 0.197 -0212 -0.296 0.003 -0.485" -0.356*
NF 1 0.608°* 0.565" -0.124 -0.491* 0.024 -0.143 0.033 -0.305 -0.246 -0.025 -0.426" -0.390*
BL 1 0.908* -0.470"* -0.532* 0201 -0.092 0.127 -0.083 -0.069 0277 -0.644" -0.0279
BW 1 -0.508** -0.638* 0279 -0.037 0.288 0.024 0.007 0.387* -0.592* -0.223
F [40-60( 1 0262 0171 -0.119 -0.396" -0.256 -0.108 -0.362° 0177 0.058
F [80-100( 1 -0.185 -0.083 -0.174 0.091 -0.059 -0.109 0.399* 0.399*

Jeft 1 0773 0578+ 0496 06317 0505+ 0.094 0326

Jfefo 1 0545 0546 0570 0319 0.266 0.429*
capnl 1 0635 0420 0.447* 0.249 0.102
capn2. 1 0.650"* 0532 0370 0441
capn3 1 0430 0391 0375"
myod1 1 -0.005 0.062
mymk 1 0307°

Pearson correlation; Sig (2-tailed); * significant at P<0.05; ** significant at P<0.01; NE: n° of fibers; BL, body lengtl

W, body weight.





