

  metabolites-13-00612




metabolites-13-00612







Metabolites 2023, 13(5), 612; doi:10.3390/metabo13050612




Article



1H-NMR-Based Metabolic Profiling in Muscle and Liver Tissue of Juvenile Turbot (Scophthalmus maximus) Fed with Plant and Animal Protein Sources



Christina Hoerterer 1,*[image: Orcid], Jessica Petereit 1, Gisela Lannig 1[image: Orcid], Christian Bock 1[image: Orcid] and Bela H. Buck 1,2[image: Orcid]





1



Alfred Wegener Institute for Polar and Marine Research, Biosciences, 27570 Bremerhaven, Germany






2



Faculty 1 Technology, University of Applied Sciences Bremerhaven, 27568 Bremerhaven, Germany









*



Correspondence: christina.hoerterer@awi.de







Academic Editors: Leonie Venter and Zander Lindeque



Received: 21 March 2023 / Revised: 23 April 2023 / Accepted: 25 April 2023 / Published: 28 April 2023



Abstract

:

Circular economy driven feed ingredients and emerging protein sources, such as insects and microbial meals, has the potential to partially replace fishmeal in diets of high-trophic fish. Even though growth and feed performance are often unaffected at low inclusion levels, the metabolic effects are unknown. This study examined the metabolic response of juvenile turbot (Scophthalmus maximus) to diets with graded fishmeal replacement with plant, animal, and emerging protein sources (PLANT, PAP, and MIX) in comparison to a commercial-like diet (CTRL). A 1H-nuclear magnetic resonance (NMR) spectroscopy was used to assess the metabolic profiles of muscle and liver tissue after feeding the fish the experimental diets for 16 weeks. The comparative approach revealed a decrease in metabolites that are associated with energy deficiency in both tissues of fish fed with fishmeal-reduced diets compared to the commercial-like diet (CTRL). Since growth and feeding performance were unaffected, the observed metabolic response suggests that the balanced feed formulations, especially at lower fishmeal replacement levels, have the potential for industry application.
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1. Introduction


Research on aquafeeds has identified the production of fishmeal (FM), soybean and wheat, which are the main protein sources in current feed formulations that contribute to eutrophication and climate change [1,2]. Therefore, a reduction in the FM content and the integration of sustainable plant and other alternative protein sources would improve the environmental performance of turbot farming. The use of circular-economy (CE) driven feed ingredients based on other protein sources available in Europe, such as rapeseed, pea, microbial meals, and land-animal proteins, can reduce the conflict of use with human nutrition, diversify supply, and provide a viable alternative to FM and soybeans [3]. All of the above-mentioned alternative feed ingredients have been assessed in various feeding trials with high-trophic fish focusing on key performance indicators, such as growth, feed conversion, nutrient retention, digestibility, and somatic indices [4,5,6,7,8,9]. However, turbot is strictly carnivorous during its life cycle [10] and has a high demand for protein (55%) [11] and, depending on the alternative protein sources used, significant effects on growth, feed performance and organismic parameters were observed at replacement levels of more than 30–35% for juvenile turbot [12,13,14,15]. However, effects in organs, tissues, transcriptome, and metabolome can be detected even before the performance indicators are affected [16,17,18,19]. Among the ‘omics’ approaches, metabolomic studies are attracting increasing interest in aquaculture research in order to gain a deeper understanding of how feed ingredients affect performance indicators through changes in the physiological process [20]. Nuclear magnetic resonance (NMR) spectroscopy is a powerful analytical tool used for quantitative metabolic profiling providing information about the overall metabolic state of an organism [21,22,23]. In high-trophic fish species, different metabolic pathways for glucose and amino and fatty acids are affected by full plant-based diets [16] or diets based on alternative ingredients, such as land-based proteins [24,25], single-cell proteins [26], or fish protein hydrolysates [27]. Thereby, the liver and muscle are good target tissues for diet-dependent changes in metabolic profiles [28]. The liver performs a key role in utilizing and storing ingested energy, deposited as glycogen and lipid. On the other hand, muscle tissue is the main location in a fish’s body, where the energy is used for locomotion and growth. However, many metabolomics studies in aquaculture fish did not regard the potential of balanced feed formulations to counteract the negative effects on the metabolome as observed with graded-level single ingredients diets [24,25,27,29].



In a preceding feeding trial [7], growth and feed performance were not affected or only slightly affected, whereas the nutritional status was affected by the feed formulations. To elucidate the effects of the protein sources and the level of FM replacement on the metabolic profile, in this study, a diet with a balanced mixture and higher level of FM replacement was included. Using 1H-NMR spectroscopy, this study assessed diet-dependent changes in metabolites of muscle and liver tissue of juvenile turbot (Scophthalmus maximus) after the fish were fed with three eco-efficient feed formulations, including plant and animal protein sources, and emerging protein sources and two graded FM replacement levels.




2. Materials and Methods


2.1. Experimental Setup and Design of Feeding Trial


The feeding experiment was carried out in the Centre for Aquaculture Research (ZAF) at the Alfred Wegener Institute for Polar and Marine research in Bremerhaven, Germany. The juvenile turbot (Scophthalmus maximus) were purchased from France Turbot (L’Épine, France) and acclimated to the recirculating aquaculture system (RAS) for 2 weeks prior to starting the 16 weeks experimental trial. The RAS consisted of 36 tanks with a bottom area of one m2 and a volume of 700 L, and the water processing consisted of a drum filter, ozone treatment, protein skimmer, and a nitrifying and a denitrifying biofilter. The physical parameters of the process water were monitored constantly (temperature, 16.4 ± 0.2 °C; pH, 7.6 ± 0.1; conductivity, 52.1 ± 1.3 mS cm−1; and oxygen saturation, 103.5 ± 4.3%; SC 1000 Multiparameter Universal Controller, Hach Lange GmbH, Düsseldorf, Germany). The concentrations for N-ammonium (0.2 ± 0.1 mg L−1), N-nitrite (0.5 ± 0.3 mg L−1), and N-nitrate (155.1 ± 37.0 mg L−1) were measured with the twice a week (QuAAtro39 AutoAnalyzer, SEAL Analytical, Norderstedt, Germany).



All experimental diets were formulated to be isonitrogenous (530 g kg−1) and extruded as 3 mm pellets in a floating mode at SPAROS LDA (Olhão, Portugal). Three eco-efficient feed formulations with graded fishmeal (FM) content were tested against a control diet (CTRL), mimicking a typical current commercial formulation used for turbot. The CTRL diet contained conventional levels of FM (500 g kg−1), wheat gluten (110 g kg−1), and soy protein concentrate (100 g kg−1) as the main protein sources. In the eco-efficient feed formulations, FM and fish protein hydrolysates from fishery by-products (by-catch) was in the remaining FM contingent. The soybean ingredients and the remaining protein fraction was supplemented from emerging ingredient sources, such as insect meal, microbial meal, and pea protein. In two diets, plant protein and microalgae (PLANT) and processed animal protein (PAP), respectively, replaced 20% of the FM. In the third diet, a mixture of processed animal protein, plant protein, cell meals, insect meal, and microalgae (MIX) replaced 40% of FM. Furthermore, in all eco-efficient feed formulations, DHA-rich algae and rapeseed oil replaced 60% of fish oil.



The concepts were based on cost-efficient ingredients, such as processed animal proteins (PAP) or consumer-oriented ingredients containing plant-based pea protein concentrate (PLANT) without PAPs, evading consumers’ food safety concerns related to the use of PAPs. The MIX concept should represent a balanced mixture of the other two concepts. Other ingredients, which are currently emerging in the animal feed production, such as insect meal, microbial meal, and microalgae, have a beneficial nutritional profile. However, these emerging ingredients have high, not yet commercially viable prices.



The content of the respective experimental diets is shown in Table 1.



For the experiment, 1000 turbot were weighed (initial mean body weight of 20.4 ± 0.6 g), measured (initial mean body length 10.1 ± 0.1 cm), and randomly (haphazardly) distributed to 20 tanks (50 individuals per tank, 5 tanks per diet) with the same baseline characteristics. The fish were hand fed twice a day (9 a.m. and 2 p.m.) ad libitum for a period of 16 weeks. The growth and feed performance and nutritional status of the fish from all experimental groups were determined as at the end, final body weight (BW) and total body length (BL) were recorded from all remaining fish to calculate the specific growth rate (SGR) as follows:


SGR = 100 × (ln[final BW] − ln[initial BW])/growth days,



(1)







The feed conversion ratio (FCR) was calculated from the total feed intake (FI) per fish during growth period divided by the weight gain as follows:


FCR = FI/(final BW − initial BW),



(2)







The effects of the two feed formulations, PLANT and PAP, on growth and feed performance and the nutritional status was reported in a previous publication [9].




2.2. Tissue Collection and Sample Preparation


At the end of the experiment, 3 fish per tank (15 fish per diet) were sacrificed for tissue sampling. The fish were anaesthetized with 500 mg L−1 tricaine methanesulfonate (MS-222; Sigma Aldrich, Darmstadt, Germany). After recording body weight (precision 0.01 g) and body length (precision 0.5 cm), fish were killed by the separation of the gill artery, and the liver and muscle tissue were rapidly sampled on ice; the liver was weighed (precision 0.001 g). The tissues were shock frozen in liquid nitrogen and stored at −80 °C until further analysis. The hepato-somatic index (HSI) is the liver weight divided by the body weight of the sampled fish. The experimental diets were sampled from freshly opened bags and stored at −80 °C until further analysis.



The sample preparation was adapted and performed according to Lannig et al. [30]. In short, feed, muscle, and liver samples were ground under liquid nitrogen and approx. 200–250 mg tissue was homogenized in 5x volume of ice-cold 0.6 M perchloric acid (PCA) (w:v). After one cycle of 20 s at 6000 rpm and 3 °C, using Precellys 24 (Bertin Technologies, Montigny-le-Bretonneux, France), samples were sonicated for 2 min at 0 °C and 360 W (Branson Sonifier 450, FisherScientific, Schwerte, Germany). Tissue homogenates were divided for analysis of glycogen content and metabolite profile. Glycogen content was determined following the procedure described by Keppler and Decker [31], photometrically after enzymatic hydrolysis of glycogen to glucose. Detailed steps and calculations and the glycogen content in liver and muscle tissue of the fish from the CTRL, PLANT, and PAP groups are described in Hoerterer et al. [7].




2.3. Untargeted 1H-NMR Based Metabolic Profiling


Homogenates of the experimental diets, muscle and liver tissues were centrifuged for 2 min at 0 °C and 16,000× g, and supernatants were neutralized with ice cold KOH and PCA to pH 7.0–7.5. To remove precipitated potassium, perchlorate samples were centrifuged again for 2 min at 0 °C and 16,000× g. The entire supernatant was transferred, shock-frozen in liquid nitrogen, and stored an −80 °C for later analysis. For NMR spectroscopy analyses, samples were defrosted and dried in a rotational vacuum concentrator (RVC 2–18 HCl, Christ GmbH, Osterode am Harz, Germany) at room temperature overnight. Afterwards, samples were re-suspended 1:1 (w:v) in deuterated water (D2O) containing 0.05% of trimethylsilyl propionate (TSP) (45010, Sigma Aldrich, St. Louis, MA, USA) to a final concentration of 1 g/mL of the original frozen sample weight. TSP was used as a chemical shift and quantification standard. The resuspended samples were centrifuged for 10 min at room temperature and 16,000× g, for each sample 45 μL of the supernatant were transferred into NMR needle tubes (1.7 mm capillary tube, FisherScientific, Schwerte, Germany). One-dimensional 1H-NMR spectra for feed and tissues extracts were acquired using a vertical 9.4 T wide bore magnet with Avance III HD (Bruker-GmbH, Ettlingen, Germany) at 400.13 MHz with a 1.7 mm diameter triple tuned (1H-13C-15N) probe [32]. The samples were measured using a Carr–Purcell–Meiboom–Gill (Bruker protocol cpmgpr1d, TOPSPIN 3.5, Bruker GmbH, Ettlingen, Germany) with water suppression at room temperature using the following parameters: acquisition time (AQ), 4.01 s; sweep width (SW), 8802 Hz (22 ppm); delay (D1), 4 s; dummy scan (DS), 4; and number of scans (ns), 128. Each spectrum was processed and analyzed with Chenomx NMR Suite 8.4 software (Chenomx Inc., Edmonton, Canada). Before analyzing, the spectra were corrected for phase, shim and baseline and calibrated to TSP signal (at 0.0 ppm). Representative spectra for each diet are shown in Supplementary Materials Figures S1–S4. The specific metabolites of the processed spectra were confirmed by structure using the internal database of Chenomx and checked for reliability with the literature data available for aquaculture fish [16,24,33,34] (confidence level 2 [35]). The Chenomx software provided the concentration of the assigned metabolites based on the concentration of the internal standard TSP [36]. In total, signals of 31 compounds were annotated in the 1H-NMR spectra of the experimental diets, 29 in liver, and 33 in muscle extracts (Supplementary Materials Table S1).




2.4. Statistical Analysis


The fish performance parameters for growth and feed utilization parameters and the condition factor were calculated as means of all fish per tank with five tanks per treatment. The sampled fish per treatment were considered as individual data points for the organ indices, the glycogen and glucose contents, and the metabolite concentrations in the muscle and liver (N = 15 per diet). Metabolite concentrations in the liver and muscle tissue extracts of fish fed the experimental diets (CTRL, PLANT, PAP, and MIX) were analyzed using univariate and multivariate statistical analysis. The metabolite concentrations were transformed by applying a generalized log-transformation to stabilize the variance across the detected metabolite concentrations [37]. Unsupervised principle component analysis (PCA) and Supervised partial least-squares discriminant analysis (PLS-DA) were applied using the Metaboanalyst 5.0 web application [38].



Fish performance parameters, individual nutritional parameters, and the metabolites were analyzed using SigmaPlot (SigmaPlot 12.5, Systat Software Inc., Palo Alto, CA, USA). One-way ANOVA (overall significance level was p < 0.05) with post hoc Holm–Sidak method for all pairwise multiple comparison procedures was performed to detect and validate differences between the experimental groups (CTRL, PLANT, PAP, and MIX). Values are given as means ± standard deviation (SD). As the metabolite concentrations in the muscle and liver tissues were not normally distributed, the medians of diets were tested for significance with Kruskal–Wallis analysis (p < 0.05) and compared with Tukey. For differences between the different levels of FM replacement, the groups were defined as CTRL = 0%, PLANT and PAP = 20%, respectively, and MIX = 40%.



The experiments were conducted under the guidelines of the local authority, and the animal study protocol was approved by the local authority ‘Food surveillance, animal welfare and veterinary service (LMTVet)’ of the state of Bremen (500–427-103–1/2019–1-19).





3. Results


This study evaluated how three different feed formulations (PLANT, PAP, and MIX) affected the metabolic profile of juvenile turbot fed for 16 weeks with 0% mortalities. The diets aimed to be isoenergetic and isolipidic; however, unexpected variations in the raw material composition led to varied crude lipid (+9% in PLANT and −18% in MIX) and gross energy content (+9% on PAP and +12% in MIX) compared to the CTRL diet.



To link the response in the metabolic profile to the growth and feed performance and the nutritional status of the fish, the performance of the MIX group (new data set) is presented in comparison to the performance of CTRL, PLANT, and PAP groups (data set previously published in Hoerterer et al. [7]).



3.1. Growth and Feed Performance and Nutritional Status of Fish Fed the Different Diets


The growth and feed performance of the fish from the MIX group were not significantly affected by the diet and did not significantly differ from the fish of other experimental groups (see Supplementary Table S2, [7]). Even though it is not significantly different, after 16 weeks, fish from the CTRL group had overall the best growth and feed conversion followed by the fish from the PLANT and PAP groups, and the fish from the MIX group having the lowest performance.



The sampled fish (n = 15 per dietary treatment) had similar final body weight (see Supplementary Table S3). Hepato-somatic indices (HSI) were significantly lower in fish from the MIX group (1.4 ± 0.2) than in fish from the CTRL group, with no significant differences to the PLANT and PAP groups ([7]; One-Way ANOVA, p = 0.006).



The glycogen and glucose levels in the muscle of fish from the MIX group (1.6 ± 0.7 mg/g, 0.12 ± 0.04 mg/g, respectively) were not significantly different to the fish from the CTRL, PAP, and PLANT groups (Supplementary Table S3, [7]). In contrast, the hepatic glycogen content in fish from the MIX group (41.6 ± 22.5 mg/g) was significantly lower than the fish from the CTRL group with no significant differences to the fish from the PAP and PLANT groups ([7]; One-way ANONA, p = 0.025). Even though it is not significant, the hepatic free glucose was highest in the fish from the MIX group, leading to a significantly two-fold higher hepatic glucose/glycogen ratio compared to the fish from the CTRL, PAP, and PLANT groups (One-way ANOVA, p = 0.009). Additionally, the level of FM replacement had significant effect on the HSI and hepatic glycogen, with significantly higher values in the fish from the CTRL group compared to the fish from the PLANT and PAP (20% FM replacement) and MIX (40% FM replacement) groups (One-Way ANOVA, post hoc Holm–Sidak method, p = 0.006, p = 0.002, respectively).




3.2. Patterns of Compounds in Feed


In the control and the three experimental diets, 31 compounds were detected (see Table 2). Most compound concentrations did not differ between the diets, but NMR spectroscopy nicely highlighted the supplementation of methionine and taurine, showing approx. three- to ten-fold higher concentrations in the PLANT, PAP, and MIX diets compared to the CTRL diet. Even though betaine (in the form of betaine HCl) was supplemented to the diets, the betaine concentrations did not differ much between the diets. Creatine phosphate, lactate, N,N-dimethylglycine, and O-phosphocholine had at least two-fold higher concentrations in the experimental diets than in the CTRL diets. Only sarcosine concentrations were apparently two times higher in the CTRL diets compared to the experimental diets.




3.3. 1H-NMR Based Metabolic Profile of the Muscle and Liver Tissue


Univariate and multivariate statistical analysis were used to detect differences in the tissue metabolite concentrations between fish fed the different diets and the level of FM replacement (CTRL = 0%, PLANT and PAP = 20%, and MIX = 40%). The composition of assigned metabolites in the muscle tissue did not differ between the experimental groups, except for varying compound concentrations.



The supervised partial least squares discriminant analysis (PLS-DA) score plot (Figure 1a) highlights the difference between the metabolic compounds found in the muscle samples. The fish from the CTRL group are distinctive from the fish from the other groups (clearly visible in the 3D-scatterplot), whereas the fish from the MIX group over span the plots of the fish from the PLANT and PAP groups, showing that mixing the alternative feed ingredients could balance deficiencies in the plan-based and animal-based ingredients. The score plots PLS-DA of the liver tissue show no separation between the dietary groups (Figure 1b). The PLS-DA score plot for the FM replacement groups (see Supplementary Material Figure S5) shows separation between the metabolic compounds in the muscle of the fish from the CTRL group and the other replacement groups, placing the 40% farther away.




3.4. Diet-Dependent Differences in Metabolic Profile in the Muscle and Liver Tissue


The muscle extracts of fish from the CTRL group had a significantly higher concentration of betaine (Kruskal–Wallis analysis; p < 0.001) than muscle tissue of fish from the other groups (PLANT, PAP, and MIX; Figure 2a) with no significant differences related to the level of FM replacement (Kruskal–Wallis analysis, p > 0.05). In contrast, the concentration of trimethylamine N-oxide (TMAO) in muscle tissue significantly decreased with the increasing level of FM replacement, with fish from the CTRL group having the highest, fish from the PLANT and PAP groups (20% FM replacement) intermediate, and fish from the MIX group the lowest concentrations (Kruskal–Wallis analysis; p < 0.001, Figure 2b). In liver tissue, betaine concentration was significantly lower in fish from the PAP group compared to the fish from the CTRL (Kruskal–Wallis analysis; p = 0.026, Figure 2a). When analyzed by the FM replacement, the betaine concentrations were significantly highest in fish fed the CTRL (median 1.1 mM) compared to fish fed the MIX diet (40%; median 0.66 mM) and fish fed with the PLANT and PAP (20%; median 0.6 mM) (One-way ANOVA, p = 0.010).





4. Discussion


In need of alternatives to traditional feed ingredients, such as FM and soybean, feeds with ingredients from the circular economy offer the opportunity for sustainable development of European aquaculture. The present study evaluated the metabolic response in liver and muscle tissue of juvenile turbot to three eco-efficient feed formulations at two levels of FM replacement.



4.1. Growth and Feed Performance


The present results suggest that fish-derived ingredients from by-products in combination with plant- and terrestrial animal-based ingredients allow for a complete replacement of traditional feed ingredients and a reduction of 40% FM without compromising growth and feed performance. This is a progress compared to the literature, where decreased growth and feed performance were observed when more than 30–35% of FM was replaced with single ingredients, such as land-based protein sources [12,13,39,40,41,42,43].




4.2. Metabolic Response in the Muscle


In the muscle tissue of the juvenile turbot, the formulations and the level of FM replacement negatively affected betaine and trimethylamine N-oxide (TMAO) concentrations. Betaine and TMAO are acting as osmolytes and are linked to the choline and methionine cycle. Osmolytes are often the main metabolite groups detected in the aqueous extracts of tissues from marine fish [44]. In this study, betaine concentrations in the muscle tissue were not correlated to the level of FM replacement but were clearly reduced by more than 40% in the fish fed with the eco-efficient feed formulations compared to the fish from the CTRL group. Betaine is known to be decreased by 50% in the muscle tissue of fasted rainbow trout (Onchorhynchus mykiss) [45] and by 25% in red drum (Sciaenops ocellatus) fed with soybean-based diets [16]. The supplementation of betaine HCl (5 g kg−1) in the three eco-efficient feed formulations to act as a feed attractant seems not to have had any influence on the betaine concentrations in the muscle. Both betaine and choline, precursor of betaine, have similar levels in all experimental diets giving the same baseline to all groups. In contrast to betaine, TMAO is correlated to the level of FM replacement with a 30% decrease at 20% FM replacement (PLANT and PAP groups) and 50% reduction at 40% FM replacement (MIX group) compared to the fish from the CTRL group. Similar to this study, TMAO was decreased by 78% in muscle tissue of red drum fed with soybean-based diets [16]. In contrast, TMAO was increased in the muscle of European Seabass fed with diets containing raw starch [33]. The role of betaine and especially TMAO as a marker for dietary manipulation needs to be further investigated since the response can strongly differ. Melis et al. [46] suggested that TMAO might be a molecular marker for increased metabolic activity in their study due to thermal stress. Furthermore, TMAO level seem to be correlated to the stored lipid content in the body [47], with fish from the MIX group having the lowest crude lipid content (3.2%) compared to the fish from the other groups [7]. This supports the assumption that decreased betaine and TMAO concentrations in the muscle tissue of turbot could indicate energy deficiency caused by the diets resulting in reduced metabolic activity and body lipid content. TMAO levels might be underestimated due to the potential impact of non-enzymatic degradation during storage [48]. However, in this study, the possible degradation can be considered small as all samples were stored in the same way and analysis was conducted in in random order.




4.3. Dietary Effects on Energy Storage, Glucose Metabolism, and Metabolic Profile in Liver


In contrast to unaffected growth and feed performance, the diet with a balanced mixture of processed animal protein, plant protein, cell meals, insect meal, and microalgae (MIX) had a negative effect on the hepatic nutritional status of fish seen by decreased HSI and glycogen levels, most likely being correlated to the reduced FM and energy content in the diet. Both HSI and hepatic glycogen content are positively correlated in turbot [49,50,51,52] as hepatic glycogen level serves as an energy storage in most fish species [53]. Compared to marine-based diets, plant-based diets seem to modulate glycolysis and gluconeogenesis in fish liver [28]. In this study, hepatic glucose content was not diet-dependent; however, the higher ratio of glucose to glycogen suggests that the glycogenolysis/gluconeogenesis was affected in the liver of the fish from the MIX group. A higher glucose/glycogen ratio could indicate that glucose was mobilized from stored glycogen as a first response to energy deficiency [28]. Decreased hepatic glycogen, together with increased hepatic glucose content, was observed in turbot when fed with plant-based diets [27]. Energy deficiency could be caused by decreased availability and digestibility of dietary nutrients, such as protein [7], energy, and presumably lipids in the eco-efficient feed formulations. As the experimental diets contained a variable crude lipid content and different ratios of lipid sources, the effects of substrate preference for different lipid classes in oxidation might perform a role in supposed energy deficiency [54] and needs to be further elucidated. This might have led to the mobilization of glucose from glycogen as a source of energy [45,55], resulting in a decreased storage capacity of hepatic glycogen content accompanied by significantly lowered his in turbots fed the MIX diet compared to CTRL fish.



1H-NMR-based metabolic profiling revealed significantly reduced betaine concentrations in the liver of juvenile turbot fed with the PAP diet by 60% compared to the fish from the CTRL group. As reviewed by Roques et al. [28], the choline cycle can be affected in fish fed diets with plant-based ingredients leading to altered choline, betaine, N, N-dimethylglycine, dimethylamine, and O-phosphocholine concentrations. The choline cycle is linked to the lipid metabolism, and alterations are an indicator for large differences in the lipid composition [28] and unbalanced supply of other methyl donors, such as methionine [56], as it is reflected by the TMAO levels in the muscle tissue [47]. The decrease in betaine could be linked to the significantly lower whole body lipid of the turbot fed with the PAP diet [7]. However, the difference is small, and the results showed that the alternative formulations with various sources for lipids (CE-salmon oil, rapeseed, and microalgae) and the supplemented methionine (3 g kg−1) balanced possible deficiencies in the single ingredients used. Furthermore, there were no effects detected on metabolic compounds related to amino acid catabolism, such as leucine and valine [24,34,57], suggesting that the eco-efficient feed formulations are suitable to balance the amino acid profiles of the single ingredients with the usual amino acids supplemented to the diet. This shows that the concept of using protein sources of varying origin did not affect the amino acid metabolism as is was shown in other studies with single ingredients tested [16].




4.4. Metabolites as Markers of Alteration of Metabolism Induced by Eco-Efficient Feed Formulations


Notably, in this study, only the concentrations of glycogen, betaine, and TMAO were significantly affected by the experimental diets, whereas other annotated metabolites, such as creatine, lactate, glutamine, di-methyl-glycine, and valine, showed no diet-dependent alterations. Roques et al. [28] reviewed metabolomic studies investigating the effects of dietary incorporation of plant proteins on aquaculture fish and summarized affected metabolic pathways related to the above-mentioned metabolites. As this study’s experimental diets were designed to meet the species demand for all essential nutrients and since the growth and feed performance was not affected, we expected only small differences in the 1H-NMR-based metabolic profile. The level of FM replacement (20% for PLANT and PAP) was low compared to other experimental studies in which significant impairment of the growth performance was observed at 30–35% FM replacement [12,13,14,15,39,58,59]. The level of FM replacement of 40% in the MIX group was above the above-mentioned threshold; however, no negative effects on growth and feed performance were observed in this study. As the fish from the MIX group had a similar nutritional status as the fish from the PLANT and PAP group, despite the high FM replacement, this could indicate that turbot fed with the MIX formulation could have a better performance than the turbot from the PLANT and PAP groups. Furthermore, higher levels of FM replacement might lead to a clearer picture on the effects of the eco-efficient feed formulations on the metabolic profile of turbot as it was shown for inclusion levels of insect meal in rainbow trout [24], soybean meal in red drum [29], or FM replacement in cobia [25].





5. Conclusions


This study’s results highlight that 1H-NMR-based metabolic profiles are a suitable tool to detect early alterations in the metabolism of juvenile turbot related to decreased FM levels and eco-efficient feed formulations based on alternative protein sources before growth and other physiological parameters are affected. In contrast to preceding research on alternative fish feed ingredients, this study showed that feeding turbot with a balanced mixture of alternative feed ingredients instead of one single ingredient does not alter the metabolic response as strongly as it would be expected at a high level of FM replacement. These effects perform an important role when the feed formulations are applied to commercial aquaculture. With additional environmental stressors, such as changing temperatures, water quality, and pathogens, these effects might result in reduced growth and feed performance, which in turn can lead to stress and its associated negative effects. Especially for turbot, NMR-based metabolomic studies could lead to a better understanding of dietary manipulations, circadian rhythm, and stress response. An early detection of negative effects starting on the metabolic level could enable fish farmers to prevent reduced fish performance. The establishment of non-lethal (plasma) and non-invasive (mucous or feces) methods to assess and monitor the metabolic response of fish to various environmental factors could lead to increased animal welfare and higher production benefits. As this study only focused on the aqueous tissue extracts, lipophilic extract would give a more detailed view on metabolites associated with lipid metabolism. Furthermore, NMR-based metabolomics in plasma are of particular interest as it provided a non-lethal tool to for continuous monitoring in fish, elucidating effects over time. Further investigation on the diet-dependent effects on the metabolome of other life stages of turbot is important. The grow-out phase from 100 g onwards is with approx. 18 months the longest, and alterations in the physiology might have a magnified effect on the growth and feed performance, leading to the economic success of the aquaculture farm. Assessing the effects of eco-efficient feed formulations on the biological level is only one part of improving the environmental performance of aquaculture production. The fish performance can be included in life-cycle assessment for single ingredients or feed formulations.
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Figure 1. PLS-DA model for the concentrations of assigned metabolites determined in aqueous tissue extracts of juvenile turbot (Scophthalmus maximus) fed with 4 experimental diets for 16 weeks (n = 15 fish per diet). (a) Score plot of individuals on first 2 components of 33 metabolites in the muscle tissue; and (b) Score plot of individuals on first 2 components of 29 metabolites in the liver tissue. Ellipses correspond to a confidence interval of 95% for each group. Red circles, CTRL: commercial-like formulation, Blue triangles, PLANT: plant protein, Green squares, PAP: processed animal protein, purple diamonds, MIX: mixture of processed animal and plant protein. 
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Figure 2. Box plots of metabolite concentrations in aqueous tissue extracts of juvenile turbot (Scophthalmus maximus) fed with 4 experimental diets for 16 weeks (n = 15 fish per diet): (a) Metabolite concentrations significantly affected by the dietary formulation; (b) Metabolite concentrations significantly affected by the level of fishmeal replacement. For each plot, medians of diets were tested for significance with Kruskal–Wallis analysis (p < 0.05) and compared with Tukey. Different letters (a, b, c) indicate significant differences between treatment groups. CTRL: commercial-like formulation, PLANT: plant protein, PAP: processed animal protein, MIX: mixture of processed animal and plant protein, 0%, 20%, and 40% level of fishmeal replacement. 
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Table 1. Formulation and proximate composition of the experimental diets for juvenile turbot (Scophthalmus maximus) on wet weight basis.
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CTRL

	
PLANT

	
PAP

	
MIX




	
Level of Fishmeal Replacement

	
0%

	
20%

	
20%

	
40%






	
Ingredients (g kg−1)

	

	

	

	




	
Fishmeal 1

	
500

	

	

	




	
Fishmeal (by-product) 2

	

	
350

	
350

	
250




	
Fish hydrolysate (by-product) x

	

	
50

	
50

	
50




	
Insect meal (Hermetia illucens) x

	

	
50

	
50

	
75




	
Porcine hemoglobin 3

	

	

	
25

	




	
Poultry meal 4

	

	

	
102

	
75




	
Microbial protein meal (Methanotrophic bacteria) x

	

	
25

	
25

	
50




	
Yeast protein meal (Saccharomyces cerevisiae) x

	

	
25

	
25

	
50




	
Microalgae meal (Arthrospira platensis) 1

	

	
20

	

	
30




	
Microalgae meal (Chlorella vulgaris) 5

	

	
5

	

	
6




	
Microalgae meal (Tetraselmis chuii) 5

	

	
2

	

	
2




	
Soy protein concentrate 6

	
100

	

	

	




	
Pea protein concentrate 7

	

	
124

	
50

	
80




	
Wheat gluten 7

	
110

	
115

	
100

	
100




	
Soybean meal 8

	
40

	

	

	




	
Wheat meal 9

	
80

	

	

	




	
Pea starch 10

	
40

	
88.9

	
89.9

	
89.9




	
Fish oil 1

	
116

	
46.4

	
46.4

	
46.4




	
DHA-Rich algae (Schizochytrium) 11

	

	
10.8

	
10.8

	
18.8




	
Rapeseed oil 12

	

	
46.4

	
34.4

	
34.4




	
Rapeseed lecithin 13

	

	
8

	
8

	
8




	
Vitamin and mineral premix 14

	
10

	
10

	
10

	
10




	
Vitamin C 15

	
0.5

	
0.5

	
0.5

	
0.5




	
Vitamin E 15

	
0.5

	
0.5

	
0.5

	
0.5




	
Betaine HCl 16

	

	
5

	
5

	
5




	
Macroalgae mix 17

	

	
5

	
5

	
5




	
Antioxidant 18

	
1.8

	
1.8

	
1.8

	
1.8




	
Sodium propionate 19

	
1

	
1

	
1

	
1




	
L-Tryptophan 20

	

	
1.5

	
1.5

	
1.5




	
DL-Methionine 21

	

	
3

	
3

	
3




	
L-Taurine 16

	

	
5

	
5

	
6




	
Yttrium oxide 22

	
0.2

	
0.2

	
0.2

	
0.2




	
Proximate composition

	

	

	

	




	
Moisture (%)

	
4.1

	
6.7

	
7.3

	
7.5




	
Crude Protein (%)

	
52.9

	
52.8

	
52.8

	
52.6




	
Crude Lipid (%)

	
16.5

	
18.1

	
16.2

	
13.9




	
Ash (%)

	
7.1

	
9.9

	
10.5

	
9.4




	
Energy (MJ kg−1)

	
23.1

	
21.2

	
20.8

	
20.9








CTRL: commercial-like formulation, PLANT: plant protein, PAP: processed animal protein, MIX: mixture of processed animal and plant protein. x not disclosed; 1 Sopropêche, Wimille, France; 2 Conserveros Reunidos S.A., A Coruña, Spain; 3 SONAC BV, AA Son, The Netherlands; 4 SAVINOR UTS, Covelas, Portugal; 5 Allmicroalgae, Pataias, Portugal; 6 ADM, Amsterdam, The Netherlands; 7 Roquette Frères, Lestrem, France; 8 CARGILL, Sant Cugat del Vallés, Spain; 9 Casa Lanchinha, Alhos Vedros, Portugal; 10 COSUCRA, Pecq, Belgium; 11 Alltech, Sarney, Dunboyne, Co. Meath, Ireland; 12 Henry Lamotte Oils GmbH, Bremen, Germany; 13 Novastell, Vernon, France; 14 DL-alpha tocopherol acetate, 255 mg; sodium menadione bisulphate, 10 mg; retinyl acetate, 26,000 IU; DL-cholecalciferol, 2500 IU; thiamine, 2 mg; riboflavin, 9 mg; pyridoxine, 5 mg; cyanocobalamin, 0.5 mg; nicotinic acid, 25 mg; folic acid, 4 mg; L-ascorbic acid monophosphate, 80 mg; inositol, 17.5 mg; biotin, 0.2 mg; calcium pantothenate, 60 mg; choline chloride, 1960 mg. Minerals (g or mg∙kg−1 diet): copper sulphate, 8.25 mg; ferric sulphate, 68 mg; potassium iodide, 0.7 mg; manganese oxide, 35 mg; organic selenium, 0.01 mg; zinc sulphate, 123 mg; calcium carbonate, 1.5 g; excipient wheat middlings; 15 DSM Nutritional Products, DSM Nutritional Products, Switzerland, Switzerland; 16 ORFFA, ZL Breda, The Netherlands; 17 Ocean Harvest, Gortnaloura, Tuam, Co. Galway, Ireland; 18 Kemin Europe NV, Herentals, Belgium; 19 Disproquímica, Vialonga, Portugal; 20 Ajinomoto EUROLYSINE S.A.S, Paris France; 21 EVONIK Nutrition and Care GmbH, Essen, Germany; 22 Sigma Aldrich, St. Louis, MA, USA.
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Table 2. Concentrations (mM) of compounds found in the aqueous extracts from the different diets.
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CTRL

	
PLANT

	
PAP

	
MIX




	
Level of Fishmeal Replacement

	
0%

	
20%

	
20%

	
40%






	
Acetate

	
23.9

	
27.9

	
24.4

	
22.0




	
Alanine

	
7.2

	
6.9

	
7.3

	
8.2




	
Betaine suppl.

	
20.1

	
20.4

	
20.9

	
24.2




	
Carnitine

	
1.3

	
1.3

	
1.3

	
2.3




	
Choline

	
10.5

	
11.8

	
11.2

	
11.1




	
Creatine

	
6.7

	
5.1

	
5.3

	
5.0




	
Creatine phosphate

	
1.2

	
3.8

	
5.7

	
2.7




	
Creatinine

	
8.7

	
8.0

	
8.1

	
7.4




	
Dimethylamine

	
10.0

	
18.1

	
17.1

	
11.4




	
Fumarate

	
0.1

	
0.1

	
0.0

	
0.1




	
Glucose-6-phosphate

	
4.4

	
4.6

	
3.9

	
3.3




	
Glutamate

	
6.6

	
8.3

	
7.0

	
9.2




	
Glycine

	
5.4

	
5.4

	
5.2

	
5.4




	
Isoleucine

	
1.3

	
3.3

	
1.3

	
1.8




	
Lactate

	
15.6

	
23.4

	
24.7

	
24.6




	
Leucine

	
6.5

	
6.6

	
7.1

	
6.8




	
Malonate

	
1.9

	
2.4

	
1.8

	
2.1




	
Methionine suppl.

	
1.4

	
15.1

	
12.7

	
14.9




	
N,N-Dimethylglycine

	
1.2

	
3.2

	
3.2

	
1.8




	
O-Phosphocholine

	
1.2

	
2.8

	
3.1

	
2.5




	
Sarcosine

	
4.1

	
2.1

	
2.0

	
1.7




	
Succinate

	
2.1

	
2.2

	
2.0

	
2.6




	
Taurine suppl.

	
11.8

	
38.4

	
35.1

	
30.5




	
Threonine

	
1.9

	
2.0

	
1.8

	
2.1




	
Valine

	
2.6

	
2.3

	
2.5

	
3.0








CTRL: commercial-like formulation, PAP: processed animal protein, PLANT: plant protein, MIX: mixture of processed animal and plant protein. Values are shown as means (n = 2); suppl. compounds were supplemented to the PLANT, PAP and MIX diets.
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