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The aquafeed ingredient inventory is ever changing, from marine to plant based, and recently evolving to incorporate increasing amounts of low trophic, side stream and circular economy based raw materials, each one contributing with variable amounts and qualities of macro- and micronutrients. Meeting the micronutrient requirement of farmed fish for healthy and efficient growth under normal and challenging conditions is of paramount importance. In this study we run a trial based on a 2 × 4 factorial design with three replications for each dietary treatment, where Atlantic salmon smolt were fed one of 8 experimental diets supplemented with either organic or inorganic mineral premixes (copper, iron, manganese, selenium, and zinc) at four dietary inclusion levels. We saw a trend for higher growth rate in the organic mineral groups irrespective of the dietary mineral levels. Mineral digestibility was negatively correlated with increasing mineral supplementation levels for all tested minerals but Se which increased with the increasing supplementation in the inorganic and up to the 2nd inclusion level in the organic mineral groups. Increasing mineral supplementation affected retention efficiency of Zn, Mn, Cu and Fe while mineral source affected only the retention of Se which was higher in the organic mineral groups. Moreover, fish obtained higher EPA and DHA in their body and increased slaughter yield in the organic as compared to the inorganic mineral groups and corroborated that trace mineral inclusion levels play a key role on salmon fillet’s technical quality. More effects from different origin and dietary inclusion levels of trace minerals were seen on fillet yield, fillet technical and nutritional quality, bone strength, skin morphology, organ mineralization and midgut transcriptome.
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1 INTRODUCTION
Responsible aquaculture growth requires practices adjusted to evolving knowledge based industrial standards that can secure good fish welfare, health, and low environmental impacts, alongside with the production of safe and nutritious consumer products and the economic sustainability of the business. Modern salmon feeds are based on 70% plant ingredients, a reverse picture to the marine based aquafeeds used a few decades ago consisting mainly of fish meal, and fish oil (Aas et al. 2019). Feeding with plant-based diets often results in negative effects on fish performance, health, and welfare, such as lower feed intake rates and growth, lipid accumulation in internal organs, intestinal inflammation, and higher susceptibility to diseases (Krogdahl et al., 2010; Torstensen et al., 2011; Burr et al., 2013). Counteracting the shortcomings of plant-based diets as compared to fish meal and fish oil, dietary supplementation levels of micro-ingredients in contemporary salmon feeds, such as essential amino acids added in crystalline form, trace minerals, vitamins, phosphorous sources and astaxanthin, have quadrupled since 1990 (Aas et al. 2019).
When it comes to the essential trace minerals copper (Cu), manganese (Mn), selenium (Se), iron (Fe), and zinc (Zn), common commercial praxis is to supplement aquafeeds with trace mineral in their inorganic forms to cover the requirements of farmed fish, thus the relative levels of naturally occurring and added ones will vary in diets changing from marine to plant based with largely unknown consequences for fish physiology. There is increasing evidence that different trace mineral sources have different bioavailability (Maage and Sveier, 1998; Standal. 1999) and physiological effects (Berntssen et al. 2018).
Trace minerals are involved in a great number of physiological processes including respiration, protein and lipid metabolism, and cell redox regulation (Lall, 2022). Cu is an essential trace element for all animals including fish (Tan et al. 2011), functioning as catalytic and structural cofactor in multiple enzymes involved in energy production (Damasceno et al. 2016), Fe acquisition (Watanabe et al. 1997), oxygen transport (Olmedo et al., 2013), and antioxidant and immune activity (Tang et al. 2017). Cu supplementation has been found to improve growth and immunological function in different fish species (Berntssen et al. 2000; Lin et al. 2008; Lin et al., 2010; Sun et al. 2013; Mohseni et al. 2014). Mn is an active component of fish metabolic regulation, bone, and fillet formation, as well as fish growth (Prabhu et al., 2019b; Lall, 2022) and supplementation is required to meet fish needs (Prabhu et al., 2019b; Silva et al., 2019). Mn and Cu are functional catalytic sites of the antioxidant enzymes superoxide dismutase (SOD) while Se of the glutathione peroxidase (GPX), respectively, where SOD handles superoxide and GPX handles both lipid and water-soluble hydroperoxides (Esworthy et al., 1998; Lygren et al., 1999). A GPX situated in the intestinal mucosa specifically handles fatty acid hydroperoxides from the diet and converts them to non-toxic hydroxyl fatty acids (Esworthy et al., 1998). Apart from its peroxidation role Se, plays a key role against heavy metal, i.e., cadmium (Cd) and mercury (Hg)) toxicity (Watanabe et al., 1997; Bjerregaard, 2011), cellular redox linked to health status and disease prevention of the fish (Lall, 2022), as it is an essential component of selenoproteins involved in free radical metabolism and immune responses (Labunskyy et al., 2014). Fe is a component of heme proteins like hemoglobin and myoglobin (Lall, 2022), and enzymes like peroxidase, catalase, and cytochromes (Lim et al., 2001); and plays an important role in various biochemical processes from gene regulation, binding, and transportation of oxygen to regulation of cell growth (Lim et al., 2001; Lall, 2022). Fe absorption is a complex procedure and is affected by Fe availability, form, and other dietary components like phytic and ascorbic acid (Lall, 2022); thus, Fe supplementation is necessary, especially when fish meal is depleted in the diets, to maintain fish health and optimal growth (Lim et al., 2001; Lall, 2022). Zn has a catalytic role for numerous enzymes, aids intra and extra cellular metabolic functions as well as formation of hormones with diverse roles (i.e., growth, reproduction, immunity, etc.) (Dawood et al., 2021; Lall, 2022). Zn supplementation has a positive effect on aquatic animal’s performance, immunity, antioxidant status as well as feed utilization and digestibility (Dawood et al., 2021). Fe and Zn, among other components, function as co-factors or coenzyme precursors for essential long chain n-3 polyunsaturated fatty acid (LC n–3 PUFA) biosynthesis (Lewis et al., 2013) and play also role in the bioconversion of alpha-linolenic acid (ALA) to eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) in salmonids (Mahfouz et al., 1989; Eder and Kirchgessner, 1994; Stangl and Kirchgessner, 1998; Zhou et al., 2011). They also play essential role in lipid metabolism as co-factors and co-enzymes in enzymes involved in peroxisomal β-oxidation (Osumi and Hashimoto, 1979; Poirier et al., 2006). There is a trend in nutrition of farmed land animals, such as poultry and swine, to replace inorganic trace mineral sources with lower amounts of putative more bioavailable organic trace mineral sources resulting in decreased excretion of minerals in the environment, but also improved in trace mineral-associated functionalities (Abdallah et al., 2009). Mineral uptake in fish is highly correlated with diet composition, the chemical form of the mineral, and the interactions with other diet components (i.e., phytic acid) (Kumar et al., 2012; Silva et al., 2019). In fish too, there is an increasing interest in comparing the bioavailability of organic and inorganic minerals in fish diets, but the available data are still scarce and inconsistent (Prabhu et al., 2016; Dominguez et al., 2017). In a meta-analysis by Prabhu et al. (2016), it was highlighted that organic forms of Se, like selenomethionine (SeMet) and selenoyeast (Se yeast), are more bioavailable compared to selenite; however, for other trace minerals like Zn and Mn the results of the different studies are conflicting (Prabhu et al., 2019; Silva et al., 2019; Meiler et al., 2021). Li et al. (2019) saw different metabolic patterns, including increased expression of the peptide transporter gene PepT1 and decrease in specific divalent mineral transporter gene CTR1 when porcine intestinal epithelial model cells (IPEC-J2) were provided media with increasing levels of different (inorganic vs. proteinates) Cu sources.
Supplemental sources of organic minerals are biotechnologically produced ingredients, which may also have variable performance. Keenan et al. (2019) showed improved metabolic performance in intestinal cell lines HT29 and Caco-2 providing Cu as Cu proteinate, against other forms, as for instance Cu-Gly, CuSO4, and Cu organic acid chelate. Negative effects of the latter were associated with sustained ROS and protein misfolding which led in turn to generation of aggresomes. Thus, apart from the pronounced interaction of mineral uptake and fish health and performance, the underlying mineral uptake mechanisms and trace mineral related physiological mechanisms in current farming practices require more in-depth investigation.
The main goal of this study was to map the physiological implications of supplemental dietary essential trace minerals in farmed Atlantic salmon (Salmo salar). Emphasis is placed on the release rate to the environment and importance for fish welfare, health and performance related to differential uptake, tissue assimilation and function mechanisms involved when the essential trace minerals Zn, Cu, Mn, Fe, and Se, are provided at different dietary levels and forms, namely, organic or inorganic.
2 MATERIALS AND METHODS
2.1 Trial feed design
A 2 × 4 factorial design (dietary trace mineral type organic vs. inorganic x 4 dietary mineral levels) with 3 replications for each dietary treatment was applied. The test organic (OM) and inorganic (IM) mineral premixes used in the experimental diets contained Cu, Fe, Mn, Se, and Zn. For Cu, Mn, and Zn, mineral premixes were created to formulate diets that would contain ¼, ½, ¾ or 4/4 of the difference between the respective levels in a non-supplemented dietary mix and the maximum allowed supplementation levels in fish feeds (European Commission, 2014). For Fe, 550 ppm was used as max reference dietary level, and not 750 ppm, which is the legal limit, as Fe has known prooxidative effects at high dietary levels, reported also in Atlantic salmon (Andersen et al., 1997). In the case of Se, we added 0.05, 0.1, 0.15, and 0.2 ppm in the respective diets (Table 1). The organic minerals used were Bioplex Cu, Mn, Zn and Fe and Selplex provided by Alltech Inc (Dunboyne, Ireland) and the inorganic ones used were sulphates. All dietary formulations included 10% fish meal, vitamins, and other functional components at equal amounts (Supplementary Table S1).
TABLE 1 | Trial design target mineral supplementation levels (SL) in the experimental diets.
[image: Table 1]The raw materials used in feed production and the basic raw material mix used for the production of all the experimental dies were analysed for their content in the variables in this study to calculate the amounts of minerals that should be added to end up with the desired dietary mineral levels. The experimental diets were produced by extrusion using a Wenger TX-52 co-rotating twin-screw extruder with 150 kg h-1 capacity. The settings of the extruder were “normal” i.e., the production can be up scaled to a feed factory. Following production, the experimental feeds were analysed for total lipids, fatty acid profile, crude protein, energy, water, P, Cu, Mn, Zn, Fe and Se. Dietary Fe was found to be somewhat lower and dietary Se higher than expected (Table 2). However, as Fe levels were still withing the legal limits and Se levels within the range present in higher fish meal diets it we decided to use the produced diets in the planned feeding trial with Atlantic salmon smolt.
TABLE 2 | Chemical composition of the experimental diets used in the feeding trial (Complete diet chemical composition in Supplementary Table S2).
[image: Table 2]2.2 Salmon feeding trial
The salmon feeding experiment took place in the land tank facilities of Nofima at Sunndalsøra, Norway and lasted for 12 weeks. The fish used were non-vaccinated Atlantic salmon smolt. At trial start, fish were starved for 24 h and then the individual weight and length of 100 fish were noted and fish of the 10% highest and lowest size groups were excluded. Fish showing deformities or lesions were also excluded. In total, 55 fish were distributed in each one of the 24 experimental tanks (0.5 m3 volume per tank) and each one of the 8 experimental diets was randomly attributed to three of them. The fish had 215 ± 1.36 g body weight at start and more than tripled that during the 83-day-long trial, resulting at a mean final body weight, across the experimental treatments, of 702 ± 28.15 g. Feeding was continuous using automatic feeders. The fish were fed, first the day following start sampling, gradually increasing amounts to determine the satiation feeding rate levels of each group. Uneaten feed was collected and weighed daily for the estimation of satiation feed intake levels of each one of the experimental fish populations and the daily distributed feed amounts were set at 120% of this amount.
The tanks were equipped with continuous light and flow-through water systems using UV-treated filtrated sea water from 40 m depth (flow rate of approximately 20 L/min). Oxygen levels were monitored daily, and water flow adjusted, when necessary, to achieve optimal oxygen saturation (∼90%) levels for the first 9 weeks of the experiment and suboptimal oxygen saturation levels between (70%–80%) for the last 3 weeks of the experiment, equally among the experimental tanks. The mean water temperature during the trial was 8.73oC.
Following 6 weeks of conditioning to the experimental diets, fish were subjected to handling stress treatments, once a week, for three consecutive weeks (trial week 6, 7, and 8). The handling stress treatments were as follows: tank water level was reduced, fish were chased, netted, weighted, and reintroduced to the tanks. The day before each handling stress sampling fish were starved, and normal feeding was carried on after the treatments. Following the last handling stress treatment (week 8), the fish were fed continuously and undisturbed until the final sampling (week 12), when they were individually weighed and sampled for different tissues. A schematic overview of the trial setup and the samplings is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic representation of the experimental design and set up.
2.3 Samplings
In total, 5 samplings took place during the 12 trial weeks. The first sampling took place at trial start, in which 20 fish from the total population were sacrificed for collecting samples of whole body (from 10 fish) and different organs (gill, skin, spleen, head kidney, fillet from the remaining 10 fish) to be analysed for their mineral composition and used as start point for further calculations. Three intermediate samplings at the end of experimental weeks 6, 7, and 8 were performed in which all fish per tank were bulk weighed and 3 fish from each tank were sacrifised and sampled for blood; welfare indicators were also monitored for diagnosing and classifying external injuries according to Noble et al. (2018). Before bulk weighing fish were mildly anesthetized with dilute benzocaine solution. Total 9 fish were sacrificed per tank during the 3-handling stress samplings and, 46 fish remained in each tank after week 8 to the end. The last sampling was at trial end when all fish were euthanised by an overdose of benzocaine solution, individually weighed and measured for standard length. Of those, 36 fish were stripped for faeces, which were separated from urine and collected in one box per tank and frozen at–25oC until further analysis. From the stripped fish from each tank, 10 were used for chemical analyses in whole body, and 10 for analyses in different organs (gill, skin, liver, spleen, head kidney, and fillet); the remaining 26 fish were discarded. Of the 10 fish from each tank that were not stripped; 5 were used for blood sampling, and 3 for histology and gut transcriptome analysis. The remaining 5 were left to bleed out cutting their gills, re-weighted after bleeding, gutted, measured individual liver weight, and re-weighted and scored for welfare indicators. The gutted fish were stored on ice in Styrofoam boxes and shipped to Nofima Ås, Norway, where they were stored at 1 °C and analysed for fillet technical quality, 7–8 days post-mortem.
The experimental feeds, faeces, and fish whole body and organs (from 10 fish at start and 10 fish per tank in the end) were analysed for the 5 test minerals (Cu, Fe, Zn, Mn, Se), Ca, P, Mg, Na, K and Y. In addition, whole body samples were analysed for fatty acid profile, and fillets were analysed for astaxanthin. Fish samples (and faeces) were freeze dried before analysis.
2.4 Blood chemistry and antioxidant status
Blood samples were taken from the caudal vein of 3 fish from each tank during the handling stress (HS) treatments (HS1, HS2 and HS3) and final sampling. Photometric analyses were used to determine the blood serum content in alanine aminotransferase (ALAT), aspartate aminotransferase (ASAT), creatine kinase (CK), protein, glucose, cortisol, potassium level (K+), triglycerides and cholesterol, as indicators of the nutritional status of fish using a Pentra C400 HORIBA (HORIBA Medical, Montpellier, France).
2.5 Histology
At trial end, skin samples were taken from 3 fish per tank to evaluate general structure and mucous cell density. Tissue samples were stored in 10% formalin pots (CellStore™ 20 mL Pots, CellPath). Embedding, sectioning, and staining of the tissue samples were done at the Norwegian Veterinary Institute in Harstad, Norway. In brief, the tissue sections were hydrated in water and stained with 1% Alcian blue (Alfa Aesar), 3% acetic acid for 15 min, transferred to 1% periodic acid (VWR) for 10 min, followed by Schiffs (Sigma-Aldrich®) reagent for 15 min, 30 s in hematoxylin (VWR) before dehydration and mounting. The stained tissue sections were scanned with a Hamamatsu slide scanner (Hamamatsu) and uploaded to the Aiforia® platform and analysed according to Sveen et al. (2021).
2.6 Gut transcriptome
Mid gut samples of 3 fish per tank (final sampling), were immersed in RNALater (Sigma-Aldrich®) and stored in −20°C until further use. Transcriptomic analysis was performed in Nofima’s fish health laboratories in Ås, Norway. The DNA oligonucleotide microarray platform developed by Nofima (SIQ-6 microarray: Salmon Immunity and Quality) contains probes for 15 K genes annotated with the bioinformatic pipeline STARS, (Krasnov et al. 2011). Microarrays were fabricated by Agilent Technologies, equipment and reagents unless indicated otherwise were purchased from the same provider. Total RNA was extracted with PureLink RNA Mini Kit (Thermo Fisher Scientific) and RNA quality confirmed (Bioanalyzer). One-color (Cy3) hybridization was performed. Following scanning of arrays, data were processed using STARS. Data were submitted to NCBI GEO Omnibus.
2.7 Fish welfare and filet quality
Welfare indicators (cataract, fin and skin damages, liver color, and visceral fat content) from 10 fish from each tank were assessed, and the same fish were then used to evaluate skin and bone strength as well as filet technical quality (melanin spots, fillet gaping, fillet and skin color, fillet firmness). The analyses were performed in Nofima’s nutrition and feed technology laboratory in Ås, Norway. In detail, 7–8 days post-mortem, fish were filleted (one side only) manually by an experienced technician. The fillet was then weighed, and evaluated for gaping (i.e., slits and holes in the fillet; score 0–5; Andersen et al. 1997), fillet colour by SalmoFan (DSM, Heerlen, Netherlands) and Minolta Chroma meter (two measurements per fish; CR-400 Minolta, KONICA MINOLTA SENSING, INC. JAPAN) on the dorsal part of the Norwegian quality cut (NQC), and muscle firmness (instrumentally; TA-XT-2, Stable Micro Systems Ltd. (SMS), Surrey, England) in the dorsal part of the NQC by pressing a cylinder (12.7 mm diameter) at constant speed (1 mm/s) into the muscle (Mørkøre and Einen 2003), perpendicular to the muscle fibres. Fillet muscle pH was determined in the dorsal, anterior part of the fillet using a pH meter (330i, Wissenchaftlich-Techniche Werkstätten GmbH (WTW), Weilheim, Germany) connected to an electrode (BlueLine 21, Schott Instruments Electrode, SI Analytics GmbH, Mainz, Germany). From the remaining carcass of the fish, the NQC cutlet, including back bone, was removed, and used for evaluation of skin color by Minolta just above the lateral line (two measurements per fish). For this purpose, we used the tristimulus CIE L∗a∗b∗ 1976 color space, where the L∗ variable represents lightness (L∗ = 0 for black, L∗ = 100 for white) and a∗ and b∗ indicate color directions: a∗ is the red direction, −a∗ is the green direction, +b∗ is the yellow direction, and −b∗ is the blue direction. Instrumental (TA-XT-2) skin puncture strength was evaluated by a needle (P/2N, SMS) inserted three scales above the lateral line of the fish (two measurements per fish). The backbone was then removed and cleaned for muscle remains and analysed for bone strength instrumentally (TA-XT-2) by pressing a rectangular knife (HDP/WBR, SMS), positioned perpendicular to back bone, at constant speed (2 mm/s) into the center of a vertebrae until a depth of 70% of vertebrae thickness (two measurements per fish). The fresh fillets were packed in zip lock bags and frozen individually at −20 C°. After 18 days, the fillets were thawed at room temperature, evaluated once more for fillet gaping, then dabbed with paper and weighed to obtain liquid loss gravimetrically compared to weight of fresh fillet.
2.8 Chemical analysis of diets, faeces, whole fish, and organs
Sample nitrogen (N) content was determined by the Kjeldahl method (ISO 5983–2 2009), and crude protein was estimated based on N × 6.25. Moisture was determined by drying at 103°C (ISO 6496-2 1999). Fat content was determined by chloroform-methanol extraction (Bligh and Dyer 1959). Fillet astaxanthin was analysed using a method which determines the content of astaxanthin-esters in aquatic animals known to only contain carotenoids in the form of astaxanthin esters. The method is also used to determine any content of free trans-, 9cis- and 13cis-astaxanthin (Schüep and Schierle, 1995). For mineral content analysis, sample preparation was performed by microwave-assisted digestion using a single reaction chamber oven (UltraWave™, Milestone, Sorisole, Italy) equipped with 22 position rack. More in detail, 0.15–0.25 g of finely ground sample was dissolved in 1 mL MilliQ water (passed through a Millipak filter, 0.22 μm), and 2 mL of nitric acid (69% HNO₃, VWR Chemicals, AnalaR NORMAPUR® ACS, Reag. Ph. Eur. Analytical reagent) were added. The UltraWave™ protocol was run at 1500 W of microwave irradiation and a maximum temperature and pressure of 220 °C and 110 bar, respectively, and a base load of 130 mL MilliQ water and 5 mL HNO₃ 69%. Inductively Coupled Plasma Optical Emission spectroscopy (ICP-OES) (Agilent 5110 VDV, Agilent Technologies, Mulgrave, Australia) was used for determination of element (Cu, Fe, Mn, Zn, K, Mg, Na, Ca, Y) concentration. For plasma generation, nebulization and auxiliary gas, argon (Linde Gas As, Oslo, Norway) with a purity of 99.996% was used. The conditions used for element determination by ICP-OES were in accordance with the NS: EN 15621:2017 method adapted for OES. Selenium was analysed at an external laboratory (Eurofins, Molde, Norway).
2.9 Calculations
To evaluate the mineral, macronutrient, and energy apparent digestibility coefficient (ADC), 0.01% yttrium oxide (Y) marker was added in the experimental diets (Supplementary Table S2). The ADC of nutrients and energy, fish performance, survival, feed intake and efficiency as well as different fish biometrics were calculated, using the following equations:
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*W1= weight in the beginning of the period, W2 = weight in the end of the period.**Cho, 1992.
2.10 Statistics
The biological and analytical data were subjected to two-way analysis of variance (ANOVA) using R.4.2.3, R Core Team (2020) and SPSS 29.0 for Windows. When significant differences among groups were identified, multiple comparisons among means were made using Duncan’s post hoc test. Differential gene expression was assessed by criteria: fold change >1.75 and p < 0.05. Treatment effects are considered at a significance level of p < 0.05 and tendencies at 0.1 < p < 0.05.
3 RESULTS AND DISCUSSION
3.1 Performance
Fish in the OM showed significantly higher growth rate as compared to the IM treatments halfway through the trial, at weeks 6 (1st handling stress) and 7 (2nd handling stress) (p < 0.05), and a tendency for higher growth rate at week 8 (3rd handling stress) and overall (0.10 < p < 0.05) at the end of the trial (week 12th handling stress) (Table 3 and Supplementary Table S3). Accordingly, total feed (in dry matter; DM) consumed per fish at trial end, tended (p < 0.08) to be higher in the OM as compared to the IM groups. Due to oxygen restriction (by design) and tank size limitation, we believe that the performance of the originally faster growing groups (OM) was hindered, limiting the initial differences created between OM and IM treatments towards the end of the experiment. Similarly, dietary organic mineral supplementation compared to inorganic, has shown a positive effect on Nile tilapia’s (Oreochromis niloticus) performance and feed efficiency as well as FCR and protein efficiency ratio (PER) (El-Sayed et al., 2023).
TABLE 3 | Atlantic salmon trial start and end body weight (BW) growth and feed utilisation performance when fed diets (8 treatments (T)) with variable source (S) and levels (L) of trace minerals (values are means ± standard variation (a); n = 3 tanks)–(For all studied variables see Supplementary Table S3).
[image: Table 3]In our trial, dietary mineral supplementation level had limited effects on fish performance, except between the first and the second handling-stress treatment, where we saw a significant interaction between mineral source and level (p < 0.008) with higher growth rate and lower FCR at higher OM supplementation levels and no such effect among the IM treatments. Similarly, in a previous study from our research group we saw improved FCR in salmon parr, before, during and after smoltification fed diets with high supplementation levels of organic trace minerals (Kousoulaki et al. 2021). There were no other significant effects or tendencies in FCR among the different dietary treatments and for the different trial variables. Published studies have shown differential fish performance at variable dietary mineral levels or source (Nguyen et al., 2019; Pierri et al. 2021). In the study of Prabhu et al.(2019a), increasing dietary micronutrient nutrient supplementation, including inorganic minerals (Cu: 8.31–30 mg/kg, Mn 37.1–95.8 mg/kg, Zn: 62–243 mg/kg, Se:0.42–1.39 mg/kg), enhanced salmon parr growth but there was no such correlation with post-smolt performance. Generally, there is evidence of positive effects by dietary organic minerals in the performance and feed utilisation of both fish and crustaceans (Apines et al., 2003; Katya et al., 2017; Prabhu et al. 2019a; Prabhu et al. 2019b; El-Sayed et al., 2023), but different inclusion level results are hard to compare due to differences among species, animal sizes and thus requirements, and diet formulation.
3.2 Nutrient apparent digestibility coefficient (ADC)
In most cases, ADC of the test trace minerals was higher at the lowest supplementation level, apart from Se in the IM treatments that showed the opposite effect (Supplementary Table S5). In previous studies focusing on mineral digestibility similar results have been found; specifically, in the study of Prabhu et al. (2019a) numerically higher apparent availability (AA) of Cu, Zn, Mn was observed at lower supplementation levels, while AA of Se had a fluctuating pattern with a trend to increase with increasing inclusion levels. In a later study of Prahbu’s research group in which they focused on Se requirement comparing different sources and doses, Se AA was significantly lower in diets with higher supplementation levels of inorganic Se, while increased in diets supplemented organic Se (Prahbu et al., 2020). The term AA is used to replace ADC in reference to minerals to highlight that the values obtained are the unabsorbed minerals from the diet plus the digestive secretions (NRC, 2011). Both AA and ADC are calculated using the same equation. In our study, mineral source had nearly no effect on nutrient ADC, except in the case of Zn, which was approx. 6% higher (significantly; p = 0.033) in the IM groups. Our findings are in contrast with the findings in the studies of Silva et al. (2019) and Yarahmadi et al. (2022), in which Zn AA, did not correlate with Zn source (organic or inorganic). In Yarahmadi et al. (2022), the highest AA of Zn was achieved at 130 mg/kg of dietary Zn supplementation, an inclusion level that in our study resulted in lower Zn ADC compared to even lower dietery Zn levels. Nevertheless, we observed interactions between mineral source and supplementation level on the ADC of P, Fe (tendency, p = 0.055 and p = 0.075, respectively), and Se (significance, p < 0.001). In the case of dietary P, we saw interaction effects between trace mineral source and trace mineral dietary level, though P was not part of the experimental design. The ADC of P (Figure 2I), though present in similar amounts in the diets, correlated negatively with increasing trace mineral supplementation level in the IM groups, whereas in the OM groups P ADC was constant despite the higher feeding levels in the OM groups, which growing more may have resulted in higher P retention (not calculated) and possibly lower losses in the environment. Fossil P is a non-renewable resource, and concerns about the near future have arisen, as it is believed that P will be a limited resource for food production (Scholz et al., 2014). Retention of dietary P in salmonid aquaculture in Norway is approximately 30% resulting in the release of 11,000 tons of P in the environment yearly (Ytrestøyl, Aas and Aasgård, 2015). To mitigate P losses and potential negative environmental impacts of aquaculture, and avoid depletion of natural mineral resources, best management practices should be implemented to reduce P use in aquafeeds, among other potentially that of using organic trace mineral supplements in the feeds.
[image: Figure 2]FIGURE 2 | Apparent digestibility coefficient (ADC) of dietary protein (A), lipid (B), and energy (C), as well as ADC of P (I) and 5 tested minerals Cu (D), Fe (E), Mn (F), Zn (G), Se (H) of Atlantic salmon fed diets of different trace mineral source (inorganic, organic) and levels, Values in the same graph with different small letter are significantly different (p < 0.05) following Duncan post hoc test.
The ADC of dietary Fe decreased with increasing supplementation level in the IM groups, whereas there was no such trend in the OM groups, though Fe concentration in the faeces increased significantly with increasing dietary Fe supplementation in both IM and OM groups (Figure 2E; Supplementary Table S5). ADC of Se increased with increasing supplementation in the IM groups, and it decreased in the OM groups (Figure 2H). ADC of dietary Se significantly correlated with treatment (p < 0.00) and there was an interaction of mineral source and level (p < 0.05). Specifically, IM1, OM2-3-4 diets had the lowest Se digestibility, while IM2-3-4 and OM1-2 the highest. ADC of Se in our study was lower (42.5%–63.5) compared to the results in Silva et al. (2019) (58%–74%), and to the results in Prabhu et al. (2018), in rainbow trout (79.9%–81.9%) fed plant-based diets supplemented with inorganic Se (selenite). The diets in our study contained Se levels above EU max limit (total Se in complete fish feeds with 12% moisture is 0.5 mg/kg, (EU) No 121/2014), but previous studies on Atlantic salmon have shown that the optimal dietary Se level in low fish meal diets are above this EU limit (Prabhu et al., 2019a; Prabhu et al., 2020). Our results suggest that 0.7–0.8 ppm more inorganic Se is required than the legal limit to achieve better digestibility while 0.64 ppm more organic Se. Regarding the ADC of dietary macronutrients and energy, no effects of supplemented trace mineral level or origin was found (Figures 2A–C).
3.3 Blood chemistry
Among other properties, minerals such as Se, Zn, Cu, and Mn have an antioxidant role (Zhang et al., 2016) that can be fundamental in fish’s protection against oxidative and other types of stress. Stress markers as well as indicators for the general condition of the farmed fish can be evaluated by blood chemistry. In our study, there were only few statistically significant differences or tendencies in the measured serum parameters, possibly due to a large variation among parallel tanks (Supplementary Table S6). Specifically, blood serum cortisol was higher at trial start and remained at lower levels and similar among the dietary treatments during the handling stress treatments (handling stress 1–4) and the final sampling. Cortisol levels were significantly higher (p = 0.023) in IM as compared to OM fish after HS1 (Figure 3A). Serum cortisol levels in our experiment were similar (Sandodden et al. 2001) or higher than in other studies (Graff et al., 2002; Djordjevic et al., 2021) where fish were submitted to handling stress and related treatments, for instance, transport. Similarly, serum glucose levels in our study (4.36–5.38 mmol/L) were similar as in Sandodden et al. (2001) and fluctuated in both mineral source groups, but at different sampling points. Glucose levels tended to be higher in OM groups (Figure 3C) at the final sampling (p = 0.078) which can be an indication that the OM fed fish could more efficiently mobilise higher energy levels to repair damages due to handling. When fish experience stress, cortisol is released from their adrenal glands, stimulating the synthesis of glucose from non-carbohydrate sources (gluconeogenesis). This elevated glucose release provides immediate energy to cope with stress, supporting physiological and behavioral responses through mobilization of energy reserves and increased metabolism (Schreck and Tort, 2016). Cortisol can have also an impact on electrolyte balance by influencing the movement of potassium (K) ions across cell membranes, potentially leading to changes in blood potassium (K+) levels (Mommsen et al., 1999). The specific mechanisms are complex and vary depending on species and stressor. In our study, K+ values increased in HS3 for both OM and IM. Elevated stress levels can also lead to an increase in total serum protein due to factors such as increased production of acute-phase proteins or changes in protein turnover (Schreck and Tort, 2016). We observed a gradual increase in total serum protein until HS3 which then stabilised for both groups; OM treatments though, led to a higher elevation of total serum protein levels after HS1 (p = 0.091) and HS2 (p = 0.018) as compared to IM. Cholesterol levels increased until the end of the experiment, similarly for both OM and IM (Figure 3E) and were in similar levels with the recently published results of our research group (Kousoulaki et al., 2022). As mentioned before, Cu is essential for lipid metabolism and the synthesis of lipoproteins, which are responsible for transporting cholesterol. Adequate Cu levels support proper lipid metabolism and cholesterol transport in fish (Chen et al., 2015). Fe, on the other hand, plays a role in lipid peroxidation, a process that can indirectly impact cholesterol metabolism. Imbalances in iron levels may affect lipid peroxidation, potentially influencing cholesterol levels in fish (Burry and Grossel, 2003).
[image: Figure 3]FIGURE 3 | Blood serum metabolites in handling stressed (HS) Atlantic salmon fed diets with trace minerals source (IM or OM) at different time points (0: start, 1: HS1, 2: HS2, 3: HS3, 4: final sampling).[image: FX 1] indicates significantly (p < 0.05) higher (↑) value for the specific sampling and[image: FX 2] indicates tendency following Duncan post hoc test. (A) ↑ IM Cortisol in 1stsampling (p = 0.023). (B) K no significant differences between IM and OM. (C) ↑ OM Glucose in final sampling (p = 0.078). (D) ↑ OM Total Protein in HSI (P = 0.091) and HS2 (P = 0.018). (E) ↑ OM cholesterol in HS2 (P = 0.057). (F) ↑ OM ASAT in HS1 (P = 0.074) and HS3 (P = 0.076). (G) ↑ OM ALAT (P = 0.055), (H) ↑ OM CK in HS3 (P = 0.087).
Aspartate and alanine transaminases (ASAT and ALAT) are liver metabolites released when oxidative damage occurs in liver cells (Sandnes et al., 1988). Nevertheless, elevated serum ASAT and ALAT levels in Atlantic salmon have correlated with increased fish performance (Kousoulaki et al., 2022), whereas in Nile tilapia’s liver (Gaye-Siessegger et al., 2007) they have been associated with amino acid metabolism. In our study, a fluctuation of ASAT (Figure 3F) levels was observed for both mineral groups and highest levels after HS2; OM tended to have higher ASAT levels after HS1 (p = 0.074) and HS3 (p = 0.076). ALAT levels (Figure 3G) tended to be higher in OM group after HS1(p = 0.055). In the study of Kousoulaki et al. (2022) a positive correlation between TGC, ASAT, ALAT, and creatinine kinase (CK) was observed. Our results indicate a similar positive correlation between TGC and the liver and the respective muscle metabolites in the OM group. In our study, CK (Figure 3H) declined gradually for both OM and IM groups reaching the same final level but was numerically higher in the OM group in the two first HS and trended to be higher in HS3 (p = 0.087). Generally, there are indications of better stress tolerance and endocrine responses when fish are fed organic minerals (Herrera et al., 2019; Meiler et al. 2021) but the underling mechanisms need further investigation.
3.4 Tissue mineralisation and retention efficiency
We found significant treatment effects in all tested mineral retention efficiency (RE) values (Supplementary Table S7). Except for Cu RE, trace mineral RE was numerically higher in the OM treatments, significantly only for Se. Except for Se, trace mineral RE decreased significantly with increasing dietary supplementation level both in the IM and OM groups. More specifically, Cu RE was highest (∼23.78%) at the 1st supplementation level for both mineral sources (OM1–IM1), and lowest (∼9.74%) at the 3rd and 4th supplementation level again for both sources. Increasing levels of Cu in the diet of Atlantic salmon smolts (comparable to the levels in our study) resulted in decreasing Cu RE (Prahbu et al., 2019b). In the same study Prabhu et al. (2019b) found overall lower (20%) Cu RE compared to our study. Fe RE was numerically higher in OM1 (7.8%) diet and lower in IM4 (3.5%), and supplementation level and the interaction of mineral level and source influenced Fe RE. Highest Mn RE (∼5.19%) was observed in the 1st supplementation level for both mineral sources; once again in our study we achieved higher Mn RE compared to the results (4.3%) of the study of Prabhu et al. (2019a). The same was observed also for Zn RE with the study by Prabhu (2019a) showing highest Zn RE of 10.1%, at 140 mg/kg dietary Zn using and inorganic supplemental source (Zn oxide), while in the present study we achieved overall Zn RE above 18% and highest (29.1%) at IM2 and OM1 diets (107 and 87 mg/kg dietary Zn in the diets, respectively). As mentioned before, Se RE was the only RE response affected by mineral source, with OM (highest: 42.9% OM1) reaching higher values compared to the IM (lowest 13.2% IM2) groups, while the interaction of mineral source and level significantly (p = 0.041) affected the Se RE. Organic minerals (Cu, Fe, Mn, Zn) supplemented in different levels in all plant feeds for Nile tilapia had similar mineral RE to our results; namely, Mn was the least retained while Se showed the highest RE. The RE of Fe, Cu, Mn, and Zn decreased with the increasing dietary mineral supplementation levels (Nguyen et al., 2019). Better Se RE, was also reported by Prabhu et al. (2020) when salmon fed organic dietary Se (selenomethionine) compared to inorganic (sodium selenate); in the same study they emphasised that dietary Se required to achieve body homeostasis exceeds existing EU max limits. In another study, in salmon pre-smolts, Vera et al. (2020) used increasing levels of inorganic minerals (sodium selenite, ferrous sulphate monohydrate, manganous oxide, cupric sulphate pentahydrate and zinc oxide), with comparable Se dietary levels as compared to our study, reaching however remarkably lower whole-body Se RE values (12.2% and 17.9%). In line with the existing body of scientific literature, our findings align with the consensus that dietary supplementation of organic Se in fish diets leads to superior Se RE compared to inorganic Se sources.
In order to investigate how increasing dietary mineral levels of different source may affect mineral homeostasis in salmon, we analysed mineral levels in different tissues at trial start and end and saw that both factors induced significant effects (Supplementary Table S7). Copper is present in metalloenzymes and other metalloproteins like cytochrome c oxidase (COX), a protein which is encoded in mitochondrial genome (Broadley. 2012) and catalyzes the reduction of molecular oxygen to water. Gill filaments have numerous mitochondria-rich (MR) cells proliferating to increase the ion regulatory capacity of the organ (Lin and Sung, 2003). Branchial expression of COX-IV gene and COX enzyme activity in the mitochondrial electron transport chain is the outcome MR cells activity in fish gills (Zikos et al., 2014). In our study, Cu was positively corelated with OM source in the gills (p < 0.021) with a maximum concentration of 1.8 mg/kg (in OM2). This correlation can be related to the bioavailability of the dietary organic Cu leading to enhanced Cu metabolism and incorporation into ceruloplasmin in the liver and transport to extrahepatic organs like muscle (Lall, 2022) and promoting accumulation also in other organs, like gills. Cu concentration in the gills was significantly (p = 0.022) affected by mineral supplementation levels; supplementation level 3 induced the lowest Cu concentration for both mineral sources and the highest on levels 2 and 4 in the OM groups. In the liver, supplementation level 2 led to the highest Cu concentration, mineral source independent, while level 4 the lowest (p = 0.037). A correlation between concentration of Cu in the liver and supplementation level was observed withing the OM groups (p = 0.06) (Figure 4E). Whole body Cu (Figure 4I) levels, as also seen in the liver, was significantly higher at supplementation level 2 while at level 4 were the lowest for both mineral source groups. In the study of Taylor et al. (2019) where 3 diets with comparable dietary Cu (inorganic) levels with the first 3 levels in our study were tested, salmon parr whole body Cu was not affected by the increasing micronutrient supplementation levels. Overall, in our study Cu whole body mineralisation was lower than in other published studies-that report whole body Cu values above 2 mg/kg (Prabhu et al., 2019a; Vera et al., 2020).
[image: Figure 4]FIGURE 4 | Tissue mineralisation in Atlantic salmon when fed diets with added trace minerals in either inorganic (IM) or organic (OM) form at variable levels (values are means# standard variation; n = 3 tanks). Values in the same graph with different small letter are significantly different (p < 0.05), whereas those with different capital letter show tendency for difference (p < 0.1) following Duncan post hoc test. Letter’s color follow the same pattern (orange for OM and dark blue for IM). (A) Cu concentration in gills and skin; correlation between mineral level and gill Cu, in OM (p = 0.069). (B) Fe concentration in gill and skin. (C) Mn concentration in gill and skin; correlation between mineral level and skin Mn, in IM (p = 0.026) and OM (p = 0.011). (D) Zn concentration in gill and skin; correlation between mineral level and gill Zn, in OM (p = 0.074). (E) Cu concentration in head kidney, liver, and spleen, correlation between mineral level and liver Cu in OM (p = 0.060). (F) Fe concentration in head kidney, liver, and spleen; correlation between mineral level and liver Fe in OM (p = 0.0584). (G) Mn concentration in head kidney, liver, and spleen. (H) Zn concentration in head kidney, liver, and spleen. (I) Whole body mineralisation (Cu, Fe, Mn, Zn); correlation between mineral level and whole body Cu in OM (p = 0.030), correlation between mineral level and whole body Zn in IM (p = 0.028). (J) Filet mineralisation (Cu, Fe, Mn, Zn), no correlation between mineral level filet mineralisation (in neither source).
Iron was not significantly correlated with treatment or the interaction of mineral source and inclusion level in any tissue; but as with Cu, there was a trend (p = 0.084) for higher Fe concentration in the liver in the OM treatments (Figure 4F). In the study of Rigos et al. (2010), a trend of better bioavailability of organic Fe in contrast to inorganic was demonstrated is gilthead sea bream (Sparus aurata) fed organic and inorganic Fe in increasing dietary levels. In the same study, liver Fe levels were numerically higher in sea bream fed organic Fe.
Manganese levels were not affected significantly by treatment in any studied tissue but in the gills, where we saw was a trend (p = 0.071) of mineral source and level interaction. This aligns with Prabhu et al. (2019b), that suggest that the efficacy of dietary Mn sources should be evaluated in conjunction with the level of inclusion. In the skin, Mn concentration was correlated with mineral level but independently for each mineral source (Figure 4C). Specifically, fish fed IM had significantly (p = 0.026) lower Mn in the skin at IM1level (22.7 mg/kg) and highest in IM3 and 4. OM1 fed fish had also significantly (p = 0.011) lower Mn in the skin, and the highest already from OM2 (∼35 mg/kg), with no further increase at OM3 and OM4 (Supplementary Table S8). The results on whole body Mn (Figure 4I) in our study agree with the findings of Prabhu et al. (2019b) even if higher Mn levels were supplemented in the diets of our study [50–100 mg/kg vs. 5–65 mg/kg in Prabhu et al. (2019b)]. Probably because of that we also saw in our study higher liver Mn concentrations as compared to the study of Prabhu et al. (2019b).
Selenium is an essential component of selenium containing proteins (selenoproteins) involved in free radical metabolism and immune responses (Labunskyy et al. 2014). Whole body and tissue Se levels were affected by the different treatments and were numerically higher in the OM groups in whole body and spleen (Figure 5). Mineral source and the interaction of mineral source and inclusion level significantly (p < 0.044) affected Se in the whole body of salmon, with the highest concentration in OM1 (0.247 mg/kg) and the lowest in IM2 (0.143 mg/kg). In the spleen, we saw a trend (p = 0.075) for higher Se concentration in the OM as compared to IM treatments, with highest levels in OM2 (0.59 mg/kg). Skin Se levels tended to increase with increasing supplementation levels (p = 0.085) until level 3 in both OM and IM groups. The ADC and RE results combined with the observed levels in the whole body and target tissues, such as the spleen, at lower supplementation levels, indicate that organic Se is more bioavailable than the inorganic source we used. Better organic Se bioavailability has been reported on farmed fish and terrestrial animals indicating a clear trend on more efficient retention of organic Se; specifically filet of Nile tilapia (Nguyen et al., 2019), African catfish (Clarias gariepinus) whole body (Darmawangsa et al., 2021), fillet of salmon (Betancor et al. 2016; Sele et al. 2018; Silva et al. 2019), breast muscle of hens and eggs (Pan et al., 2007), milk of dairy cows (Gong et al., 2014) and muscle of pigs (Jiang et al., 2017) had improved/higher Se deposition when organic Se replaced inorganic Se in the animal’s diets.
[image: Figure 5]FIGURE 5 | Se concentration in tissue [(A) Head Kidney, (B) Liver, (C) Spleen, (D) Gill, (E) Skin, (F) Filet, (G) Whole Body] Atlantic salmon when fed diets with added trace minerals in either inorganic (IM) or organic (OM) form at variable levels.
Whole body Zn concentration in our study increased significantly from IM1 to IM3 (p < 0.044). In a recent study, Yarahmadi et al. (2022) found that whole body Zn levels increase with the increasing levels of dietary (inorganic) Zn; in a Zn inclusion level of 182 mg/kg they measured 36.5 mg/kg Zn in the whole body while in their lowest Zn supplementation level (40 mg/kg) they reported 24.5 mg/kg whole body Zn. In our study, the highest whole body Zn concentration (24 mg/kg) was measured at fish fed IM3 diet (dietary Zn level 133 mg/kg). In the spleen, Zn levels increased numerically with increasing supplementation level up to OM3 and IM4 and were significantly higher in the OM as compared to the IM groups (p < 0.018). In the kidney Zn levels increased until supplementation level 2 for both IM and OM groups (p < 0.05). In their study, Maage et al. (2001) investigated the effect of Zn source (organic vs. inorganic) in 2 inclusion levels (low: 130 mg/kg, and high: 230 mg/kg) when fed to Atlantic salmon for 24 weeks. They reported significantly higher whole body and vertebrae Zn concentration in salmon fed high Zn level diets (source independent). In the skin, both in OM and IM, Zn levels varied irregularly with respect to the supplementation levels (p < 0.001) but increasing mineral levels increased skin Zn concentration. Zn plays an important role in wound healing both in humans, as it stimulates epithelialization of wounds (Lansdown et al., 2007), as in fish by improving skin health and wound healing ability (Jensen et al., 2015). In their study Jensen et al. (2015) fed 60 mg more Zn than the current EU max allowed Zn level (180 mg/kg) to salmon smolts which resulted in improved skin health and activation of rapid wound healing mechanisms compared to the controls. Following the pattern of increasing tissue Zn level with increasing Zn levels in the feed, gill Zn levels in our study increased significantly from the first to the fourth supplementation level for both OM and IM groups (p < 0.009), more markedly in OM4. In salmonids (and possibly in all teleosts) it is suggested that Zn excretion takes place primarily through ion exchange in the gills (Nakatani, 1966; Hardy et al., 1987). This suggestion could enlighten our findings and the increasing Zn levels in the gills with the increasing supplementation levels could be due to activation of excretory mechanisms by the fish to maintain mineral homeostasis, more markedly in the OM4 groups indicating higher availability of the used organic Zn supplement. The European Commission (EC) had already reduced the maximum allowed limit for Zn from 200 mg/kg to 180 mg/kg (EC, 2016) and the European Food Safety Authority (EFSA) had proposed in the past (EFSA Panel on Additives and Products or Substances used in Animal Feed, 2014) a further reduction of Zn to 150 mg/kg which could militate fish requirements. This study in accordance with numerous others (Maage, Julshamn and Berge (2001; Jensen et al., 2015; Prabhu et al., 2019a; Vera et al., 2020; Yarahmadi et al., 2022) demonstrates a clear requirement for higher dietary Zn levels in the diets of Atlantic salmon. The environmental concerns that thrust EC to stricter legislations could be eased with better Zn retention, which is feasible as shown in this study and discussed before.
Fish in the OM groups consumed more feed than in IM and were also found to have higher levels of the inert mineral marker yttrium, added in all diets at equal levels, in the gills as compared to the IM groups (p < 0.023). As for Zn, it may be that excretion of superfluous Y levels were concentrated in the gills to further be excreted.
Tissue macromineral [potassium (K), Magnesium (Mg), Calcium (Ca) and Natrium (Na)] levels were also measured, though supplemented at equal amounts in the different trial diets (not analysed). Tissue Potassium levels did not correlate with mineral source, level, or their in between interaction in any tissue except for kidney. Fish kidney has a dual role, it filtrates and excretes wastes from the blood, and is also responsible for selective nutrient reabsorption and erythropoiesis (Iqbal et al., 2004). In our study, kidney K levels tended to be higher in the IM (p = 0.055) as compared to the OM groups. In fish, K excretion takes place mainly in the kidney (Basalo, 2022) thus it could be possible that IM groups had increased K excretion. Magnesium and calcium mineralisation was not affected by the experimental treatments, except from the gills where Mg and Ca concentrations tended to decrease at IM4 and increase in OM4 (p = 0.09 and p = 0.065 for Mg and Ca, respectively). If the increasing supplementation levels of the tested minerals and their different sources affected the upregulation or excretion of some microelements is difficult to conclude; further studies need to be conducted in order to understand the underlying mechanisms of micro and microelement interaction and how this could affected by micromineral different level and source.
3.5 Whole body lipid and fatty acid profile
Lipid metabolism and active lipogenesis have been correlated with Se supplementation in farmed animal diets like salmon (Kousoulaki et al., 2016), pigs (Zhao et al., 2016) and broiler chickens (Marta del Puerto et al., 2017). Fe and Zn, among other components, function as co-factors or coenzyme precursors for essential long chain n-3 polyunsaturated fatty acid (LC n−3 PUFA) biosynthesis (Lewis et al. 2013) and play also role in the bioconversion of alpha-linolenic acid (ALA) to eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) in salmonids (Eder and Kirchgessner, 1994; Mahfouz et al., 1989; Stangl and Kirchgessner, 1998; Zhou et al. 2011). They also play an essential role in lipid metabolism as co-factors and co-enzymes in enzymes involved in peroxisomal β-oxidation (Osumi and Hashimoto, 1979; Poirier et al., 2006). In our study, whole body total lipids were not affected by mineral source or level. Nevertheless, several, rather small but significant differences were seen in the whole-body fatty acid profile of fish in the different experimental groups (Table 4). The saturated fatty acid 14:0, most analysed monounsaturated fatty acids [e.g., myristic acid (16:1 n-7) (p < 0.029), nervonic acid (24:1 n-9) (p < 0.05), eicosaenoic acid 20:1 (n-9)+(n-7) (p < 0.011), erucic acid 22:1 (n-11) + (n-9) + (n-7) (p < 0.003)], EPA (20:5 n-3) (p = 0.003), DPA (22:5 n-3) (p = 0.049) and DHA (22:6 n-3) (p = 0.026), were significantly higher in the whole body lipids of the OM as compared to the IM groups, and no differences were seen in the n-6 fatty acids. As a consequence, the ratio omega-6/omega-3 was higher in the IM as compared to the OM treatments (p < 0.000) with significant interaction between mineral source and levels, increasing in with increasing supplementation levels of inorganic and decreasing with increasing supplementation level of organic minerals. As mentioned before our research group has found increased EPA and DHA retention is salmon fed organic minerals (Zn, Cu, Mn, and Fe) (Kousoulaki et al., 2016). Moreover, the study of Tseng et al. (2021) in seabream further validates these findings as whole-body EPA and DHA was significantly higher in seabream groups fed organic Se compared to the inorganic control.
TABLE 4 | Whole body (WB) (round/wet) total lipids (Bligh and Dyer extract) and fatty acid content (as % of whole body) of Atlantic salmon fed diets (8 treatments (T))with variable source (S) and levels (L) of trace minerals (values are means ± standard variation (a); n = 3 tanks)–(For complete fatty acid content see Supplementary Table S8).
[image: Table 4]3.6 Fish biometrics, welfare, and filet technical quality
We observed no significant effects of mineral supplementation level on slaughter yield, condition factor, HSI, or welfare score except for bone strength in OM fish (Supplementary Table S9), which agrees with the analysed higher Mg and Ca levels in the whole body of fish fed the OM added diets. Specifically, bone strength in OM3 and OM4 was higher as compared to OM2 but not significantly different from OM1 (Figure 6C) while bone strength was not correlated with increasing IM supplementation level. Zn is a key mineral in fish vertebrae and affects enzymes, like alkaline phosphatase (ALP), responsible for bone mineralisation (Prahbu et al., 2016). Better bone strength in 3rd and 4th supplementation level in the OM fish could also be attributed to better Zn mineralisation in the vertebrae but vertebrae samples were not collected/analysed in our experiment.
[image: Figure 6]FIGURE 6 | Biometrics, welfare, and technical fillet quality of Atlantic salmon post smolts, fed diets with variable source (OM, IM) and levels of trace minerals. Values in the same graph with different small letter or x symbol are significantly different (p < 0.05), whereas those with 1 symbol show tendency for difference (p < 0.1) following Duncan post hoc test. (A) Fillet and slaughter yield comparison between organic and inorganic groups, 1 fillet (0.084) and slaughter yield (p = 0.000) in OM. (B) Fillet gapping after thawing (from 0: no gapping, to 5 severe gapping), correlation between mineral level and gapping in OM (p < 0.01). (C) Bone strength (N), correlation between mineral level and bone strength in OM (p < 0.04).
Fillet yield and quality parameters were influenced by the increasing supplementation levels for both tested mineral sources (Supplementary Table S9). Fillet color intensity, fat content, texture, firmness (hardness and elasticity) and gaping are of the most distinct parameters to evaluate quality and freshness of Atlantic salmon and are key elements in the products market value (Sigurgisladottir et al., 1997). In our study, significant decrease of fillet yield with increasing supplementation level of inorganic mineral premix was observed, more pronounced at IM4. Fillet of IM4 fish had also significantly higher liquid losses as compared to lower inorganic mineral supplementation levels, while fillet firmness peaked at IM3 and reduced again at IM4 level. Fillet liquid losses were lowest at OM2 and OM4 and highest at OM1 and OM3. Lowest gaping after thawing was observed at OM4 however not significantly different as compared to OM1, whereas the highest values were measured at OM3 followed by OM2 (Figure 6B). Hamre et al. (2020) have highlighted that mineral nutrition status of fish could affect fillet quality degrading conditions, for instance gaping, liquid losses, suboptimal pigmentation, and melanin spots. Our results can verify that mineral levels play a key role on salmon fillet’s technical quality. In the present study we compared also the two tested mineral sources regardless of mineral supplementation level and the results are presents in Supplementary Table S10. Fish in the OM treatments had similar round body weight, but they were longer and had significantly higher gutted body weight and slaughter yield (Figure 6A) and tendency for higher fillet yield (Figure 5A) as compared to fish in IM. Moreover, HSI was higher in IM as compared to OM. Similarly visceral fat was higher in IM as compared to OM. The differences in the effects of the two different mineral sources on fillet quality were related to muscle and skin color. There was a tendency for darker fillet color (more red) and brighter skin in the OM as compared to the IM treatments.
3.7 Skin histology
Mineral salts account for up to 1% of the mucus mass affecting its secretion and rheological properties (Lai et al., 2009; Raynal et al.2003), hence we were interested in the effect of the organic and inorganic minerals on fish skin and mucous production. A weak difference was detected for the mineral levels for mucous cell ratio to epidermal area (p = 0.047) (Figure 7A), meaning that the area of mucous cells to the area of epithelial tissue increase with increasing mineral level, but the post hoc test was not significant. Further the blue mucous cells were positioned closer to the apical border in OM compared to IM (p = 0.014) (Figure 7B), which may influence mucus secretion, while the post hoc test resulted in group differences between IM and OM at level 2 only.
[image: Figure 7]FIGURE 7 | Gene functional groups (A) and individual genes (B) in IM and OM fish groups.
Atlantic salmon skin with its viscous mucus layer is important for the protection of the fish surface from the surrounding environment. In our previous research fish fed a mineral diet (higher content of ash (mainly silicates), iron, iodine, and manganese, also resulted in higher number of skin mucous cells, relative to fish fed a commercial diet, and higher levels of iodine in the fish mucus (Sveen et al., 2021). Further, in rainbow trout (Oncorhynchus mykiss) is proposed that epithelial mucus secretion may play an important role in maintaining intestinal metal solubility (Glover and Hogstrand, 2003). Overall, the dietary levels of minerals (and source) seams of importance for skin mucus production, however more research is needed to fully understand the relationship between dietary minerals and fish mucus.
3.8 Midgut transcriptomics (microarray)
The effects of increased levels of inorganic and organic minerals on midgut transcriptome was similar by magnitude (respectively 294 and 249 differentially expressed genes–DEG) and the composition of DEG. Correlation of the expression profiles was relatively high (Pearson r = 0.78) and differences between IM and OM were small. Several functional groups of genes showed coordinated expression changes (Figure 8), individual genes are found in Supplementary Figure S1. Higher doses of minerals stimulated different aspects of lipid metabolism: transport, activation, elongation and saturation of fatty acids, synthesis and hydrolysis of triglycerides, phospholipids and sphingomyelin, formation of lipid droplets. Trace minerals play a crucial role in the biosynthesis of lipid transport proteins by acting as essential cofactors for enzymes involved in various metabolic pathways. For instance, Cu is involved in the synthesis of apolipoprotein C-II (apoC-II), Fe is necessary for the biosynthesis of heme, a component of various proteins involved in lipid metabolism, including cytochromes and heme-containing enzymes. These proteins play roles in electron transport and redox reactions that are essential for the metabolism of lipids (e.g., in Gillard et al., 2017; Buhler, and Wang-Buhler, 1998). Manganese is a cofactor for the enzyme pyruvate carboxylase, which is involved in the synthesis of malonyl-CoA. Malonyl-CoA is a precursor for fatty acid synthesis and is necessary for the production of lipids, including those required for the assembly of lipoproteins (McGarry et al., 1978). Selenium is also essential for the synthesis of selenoproteins, some of which are involved in lipid metabolism, for example, selenoprotein P (Burk et al., 2003). Zinc is required for the activity of enzymes involved in fatty acid synthesis, such as fatty acid synthase. Additionally, zinc is involved in the stabilization of apolipoprotein B (apoB), the main structural protein of very low-density lipoproteins (VLDL) and low-density lipoproteins (LDL). Different trace mineral supplementation levels also enhanced expression of genes involved in protein biosynthesis including trna ligases activating arginine, cysteine, glutamine, glycine, and tyrosine. Expression changes were found in genes encoding transporters of inorganic and organic compounds and most of them were downregulated. IM and OM decreased expression of 16 and 13 genes for intracellular (cathepsins) and extracellular proteolytic enzymes including highly destructive matrix metalloproteinases 9 and 13. The numbers of immune genes with higher and lower expression at high levels of minerals was respectively 1 and 80 in IM and 11 and 31 in OM. Downregulation prevailed and was significantly stronger in IM (p = 2.1 × 10−7, paired t-test). The most affected groups were antigen presentation, antiviral responses, and immunoglobulins (17, 26, and 14 features). IM also showed tendency to stronger downregulation of xenobiotic metabolism (p = 0.077); lower expression was observed in genes involved in biotransformation phase I (cytochrome p450 oxidases) and II (glutathione transferases), transporters and degrading enzymes. Depending on the condition of midgut, these changes can be harmful (suppression of immune system and detoxification) or beneficial (reduction of inflammation and exposure to hazardous compounds).
[image: Figure 8]FIGURE 8 | (A) Mucous cell ratio to epidermal area (p = 0.047). (B) Distance of blue mucous cells to the apical border in OM compared to IM (p = 0.014). (C) Histological samples of skin from Atlantic salmon in the experimental treatments of the current study.
3.9 Conclusions
Overall, our findings provide important insights into the use of organic and inorganic mineral supplements and the optimal inclusion levels in feeds for Atlantic salmon. Our results suggest that dietary OM supplementation can have a positive effect on salmon growth. Moreover, we showed that the apparent digestibility coefficients (ADC) of supplemented minerals at higher dietary levels were generally lower, except for selenium (Se) which showed an opposite trend and higher ADC in the OM than inorganic mineral (IM) groups. There was a negative correlation of ADC of phosphorus (P) and IM supplementation levels, probably related to reduced growth and tissue mineralization in these groups as compared to the organic ones, corroborated by the higher Ca and Mg levels analysed in the whole body of fish fed diets supplemented with OM. In line with literature findings, dietary supplementation of organic Se led to higher Se RE compared to inorganic Se sources. Furthermore, our results indicate that the observed selenium RE levels in Atlantic salmon surpass the maximum limits established by the EU.
Additionally, the saturation of the studied tissues in trace minerals was reached at lower dietary supplementation levels in the OM groups compared to the IM groups. At high supplementation levels, negative effects on fillet yield and quality were observed in the IM groups, while no such effect was seen in the OM groups, which in some parameters had better quality than the fish in the IM groups. Finally, mineral source and level had only minor effects on salmon skin morphology and gut transcriptome. These findings suggest that OM supplementation can offer benefits over IM in terms of growth, and fillet quality. Based on our design and the findings of mineral ADC and RE, filet technical quality and tissue mineralisation we extrapolated trace mineral supplementation recommendations for Atlantic salmon diets based on mineral source. Specifically, if organic minerals are supplemented in the diets: 10–15 ppm Cu, 348 ppm or lower Fe, 57–71 ppm Mn, 88–119 ppm Zn and 0.85 ppm Se are recommended. If inorganic minerals are used: 10–15 ppm Cu, 348 ppm or lower Fe, 57–71 ppm Mn, 119–149 ppm Zn and 0.9–0.95 ppm Se are recommended. The results of this study provide valuable information for the development of sustainable aquaculture practices and feed formulation. Future research can focus on the transport patterns of minerals in the gut and the functional effects of trace minerals on bone formation.
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