Production of rainbow trout (Oncorhynchus mykiss) using black soldier fly (Hermetia illucens) prepupae-based formulations with differentiated fatty acid profiles
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Abstract
     The aquaculture sector is expanding rapidly and needs an increasing supply of fishery products. To ensure an ecological transition of this sector, alternative feed ingredients are required for fish nutrition. Potential alternatives include insects, particularly the black soldier fly (BSF, Hermetiaillucens L. 1758), which is being increasingly targeted for their nutritional qualities and their sustainable production practices. BSF have a well-balanced amino acid profile; however, their fatty acid profile is not sufficiently balanced for most aquafeed formulations but can be modulated through their feed. In this study, two different batches of BSF prepupae (BSFP) were firstly produced: BSFP with a standard ω3 content (C18:3n-3 ≈ 1.36%) and ω3-enriched BSFP (C18:3n-3 ≈ 9.67%). Then, three isoproteic, -lipidic and -energetic trout feeds were formulated and produced: one control and two feeds containing 75% BSF meal as a substitute for fish meal (standard vs ω3-enriched-BSF). Finally, a trout feeding trial (n = 3 for each feed batch) in a recirculating aquaculture system was carried out for 75 days. BSFP meal inclusion in trout diets did not impact most nutritional and growth parameters of trout compared to the control; however, the coefficient of fatness increased, weight gain decreased and fatty acid profiles of fillets were altered. In conclusion, this study presents a more sustainable model of trout production by including insects from bioconversion of local byproducts in aquafeed.

Abbreviations: AA, amino acid; ALA, alpha-linolenic acid; ANFs, anti-nutritional factors; BSF, black soldier fly; BSFD, standard BSF prepupal meal-based diet; CF, coefficient of fatness; DHA, docosahexaenoic acid; DM, dry matter; EPA, eicosapentaenoic acid; FA, fatty acid; FCR, feed conversion ratio; FD, fish-based diet; FM, fish meal; FO, fish oil; HIS, hepatosomatic index; K, condition factor; LA, linoleic acid; MUFAs, monounsaturated fatty acids; PUFAs, polyunsaturated fatty acids; PVC, polyvinyl chloride; RAS, recirculating aquaculture system; SM, soybean meal; SFAs, saturated fatty acids; VSI, viscerosomatic index; ω3-BSFD, ω3-enriched BSF prepupal meal-based diet.
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Highlights
· Experimental BSF mass production facilities and methods were developed in a transport container.
· The fatty acid profile of BSF prepupae can be modified and enriched in Ꙍ3 by their feed.
· Full fat BSF prepupae meal inclusion in aquafeed did not affect the lipid, protein and ash content of trout fillets.
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· Trout fillets fatty acid profiles was altered by 30% full fat BSF prepupae meal inclusion in aquafeed.

Introduction
The expansion of aquaculture provides an alternative way to meet rising global demands for fish and currently contributes to 52% of the fish volume consumed (Barroso et al., 2014; FAO, 2018, 2020; Waite et al., 2014). For three decades, this food sector has recorded the highest annual growth rate; approximately 10% in the 1990s and 5.8% between 2000 and 2016 (Ahmed et al., 2019; FAO, 2018). This growth of the fed aquaculture industry (i.e. fish and crustaceans) requires large quantities of feed inputs, principally fish meal (FM), fish oil (FO), soybean meal (SM) and other plant based protein (Gatlin et al., 2007; Lee et al., 2020; Renna et al., 2017; Shepherd and Jackson, 2013). Both FM and FO are manufactured from whole fish and the by-product trimmings of fish processed for human consumption (Shepherd and Jackson, 2013). Whole fish account for 75% of global fishmeal and fish oil production, and mainly originates from wild forage fish harvested by fisheries (Pike and Jackson, 2010; Tacon and Metian, 2008; Ytrestøyl et al., 2015). These species play a key role in marine ecosystems by transferring energy from primary producers to higher trophic level species, including larger fishes, mammals and seabirds (Cashion et al., 2017). Excessive harvesting of these species negatively impacts the balance and productivity of ecosystems (Pikitch et al., 2014). To expand fed aquaculture, there is a growing need for FM and FO; yet, the production of these components from fisheries has declined globally over the last decade (FAO, 2018). Consequently, this increased pressure for FM and FO from wild fish stocks prevents this sector from becoming environmentally and economically sustainable (FAO, 2018; Froehlich et al., 2018; Hodar et al., 2020; Naylor et al., 2002; Tacon et al., 2011; Tacon and Metian, 2008). To facilitate the continued expansion of aquaculture, it is necessary to promote the use of alternative sources of proteins and lipids, while preserving the nutritional and organoleptic quality of farmed fishes. Plant-based fish formulations have been developed; however, their use is limited because of unbalanced amino acid (AA) profiles, poor digestibility and palatability, and the presence of anti-nutritional factors (ANFs), including phytate, trypsin inhibitor and non-starch polysaccharides (NRC, 2011). SM is the primary source of vegetable protein included in aquafeeds (Gatlin et al., 2007). However, soy cultivation typically uses transgenic varieties, and causes the deforestation of areas with high biological value, along with requiring large quantities of water, pesticides and fertilizers (Garcia and Altieri, 2005). Such monocultures destroy biodiversity, impoverish the soil and deplete water resources (Stamer, 2015). Furthermore, the three primary soy growing countries (USA, Brazil, and Argentina), representing 80% of global production, have huge exports that further increase the ecological footprint of this crop production (Boerema et al., 2016; Cattelan and Dall'Agnol, 2018; Dos Reis et al., 2020).

Out of various potential alternative feed inputs, insects are being increasingly targeted, as they can efficiently bio-convert organic byproducts to high-quality proteins and lipids, and already forming part of the natural diet of many freshwater carnivorous fishes (Barroso et al., 2014; Henry et al., 2015; Renna et al., 2017; Zarantoniello et al., 2020). Moreover, the sustainability of fish production could be improved by using insects, as insect production requires limited space and water, with high feed conversion rates (Premalatha et al., 2011; Van Huis et al., 2013). Since 2017, seven insect species have been permitted for use in aquafeed by the European legislation (Regulation EU: 2017/893). These species include Gryllodes sigillatus (Walker 1869), Gryllus assimilis (Fabricius 1775), Acheta domestica (L. 1758), Tenebrio molitor L. 1758, Alphitobius diaperinus Panzer 1797, Hermetia illucens (L. 1758) and Musca domestica L. 1758. Out of these species, the black soldier fly (H. illucens, BSF) was identified as one of the most promising species for industrial production on organic waste in Europe, as it is a polyphagous species with a high fecundity rate and short life cycle (Veldkamp et al., 2012). This saprophageous species efficiently bioconverts decaying organic matter from both animal and vegetable sources and can be used in the management of animal manures, food and plant waste, and agricultural by-products (Jucker et al., 2017; Manurung et al., 2016; Nguyen et al., 2015; Nyakeri et al., 2017; Oonincx et al., 2015b). BSF larvae can degrade plant matter efficiently because they secrete enzymes and harbor gut microbes that degrade plant material (Nyakeri et al., 2017). The treatment of organic waste with BSF production allows the upcycling of nutrients that are usually lost or not efficiently used in our food systems (Cappellozza et al., 2019; Shumo et al., 2019). This process could generate new local and unconventional feed sources (protein and lipid) that do not compete with other food production systems (i.e. agriculture) (Hasnol et al., 2020). At the prepupal stage, individuals migrate out of the growing substrate to locate dry and sheltered areas for pupation (Caruso et al., 2013; Sheppard et al., 1994). This behavior allows the easy self-collection of prepupae before drying and long-term storage (Newton et al., 2007; Ortiz et al., 2016).

Several studies have tested the effects of partial and complete FM replacement using BSF larval and prepupal meal in fish nutrition; however, contrasting results were obtained depending on the fish species (Karapanagiotidis et al., 2014; Kroeckel et al., 2012; Lock et al., 2016; Makkar et al., 2014; Newton et al., 2005; St-Hilaire et al., 2007a). The inclusion of BSF in aquafeed is currently limited because their fatty acid profile has particularly poor long-chain (i.e. ≥ C20) omega 3 polyunsaturated fatty acids (ω3LC- PUFAs) (Barroso et al., 2014). Among the ω3LC- PUFAs, eicosapentaenoic (EPA, 20:5n-3) and docosahexaenoic acids (DHA, 22:6n-3) are essential in human nutrition, preventing cardiovascular disease, hypertension and atherosclerosis, as well as inflammatory and autoimmune disorders (AbuMweis et al., 2018; Zhong et al., 2007). The European Food Standards Agency recommends a combined EPA and DHA intake of 1.75 g per week. Because these fatty acids (FAs) mainly originate from fish and fish oil, alternative aquafeed formulation must be used to maintain adequatelevels of EPA and DHAin farmedfishproducts (EFSA, 2010; Hixson et al., 2014; Souci et al., 2000; Williams and Burdge, 2006).

To maintain the levels of these essential FAs in farmed fish, different approaches have been considered include the inclusion of innovative ω3LC- PUFAs-rich ingredients (e.g. microalgae), the use of ω3LC- PUFAsrich diets at the end of fish growing and diet supplementation with an essential precursor of long-chain FAs in freshwater species (e.g. alphalinolenic acid (ALA, 18:3n-3) for EPA and DHA synthesis) (Tocher, 2003; Tocher et al., 2019; Turchini et al., 2011; Yıldız et al., 2018). Several studies highlighted that the rainbow trout (Oncorhynchus mykiss Walbaum 1792), a carnivorous species that is native to the region extending from California in the eastern Pacific to the Kamchatkan Peninsula in eastern Siberia and widely distributed for farming and sport fishing in Europe, has the capacity to partially bioconvert ALA into EPA and DHA (Buzzi et al., 1996; Crowl et al., 1992; Jobling et al., 1998; Marandel et al., 2015; McCusker et al., 2000; Vagner and Santigosa, 2011). To use BSF meal in aquafeed, its FA profile must be improved to harbor ω3 unsaturated FAs of interest, including ALA, EPA and DHA (Barroso et al., 2017; Ewald et al., 2020; Hoc et al., 2021; Liland et al., 2017). EPA and DHA-enriched BSF prepupae have already been obtained from diets containing fish offal and fishery waste (Barroso et al., 2019; Sealey et al., 2011; StHilaire et al., 2007b). Unfortunately, European legislation on feed applied to insect rearing states that insects must be fed with eligible materials used for farmed animals (Regulation EU:1069/2009). According to this legislation, the use of manure and animal feces, separated digestive tract content, pre-consumer and post-consumer catering waste and former foodstuffs containing meat and fish are strictly prohibited (Regulations EU: 767/2009; 1069/2009; 142/2011). Moreover, these feeds must be safe, have no adverse effect on the environment or animal welfare, respect hygiene standards and limit contaminants and harmful substances (Regulations EU: 767/2009; 178/2002; 183/2005; 2002/32). The present study evaluated the potential of using mass produced BSF prepupae in feed for farmed trout. BSF were fed two substrates based on plant byproducts but with different FA profiles. Two full-fat BSF meals were produced and included by the partial substitution (75%) of FM in the rainbow trout diets. The biological parameters of trout (e.g. growth performance, condition factor and somatic indexes of trout) and the chemical composition of trout fillet were evaluated.
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Materials and methods

2.1.	Black soldier fly production
     The BSF colonies used for this experiment originated from an experimental artificial rearing at the Functional and Evolutionary Entomology laboratory of Gembloux Agro-Bio Tech (University of Liège, Belgium). BSF were reared in a transport container (12.04 × 2.33 × 2.38 m, Jindo, Liaoning, China) that was converted into an experimental mass production unit for BSF larvae and prepupae (breeding condition: 27 ± 5 °C and 60 ± 5% relative humidity). The entire life cycle was completed in the container, with rearing being subdivided into five steps (i.e. artificial reproduction, egg incubation, pre-fattening larvae, fattening larvae and prepupae collection). Specific facilities and rearing methods were developed for each step. First, artificial reproduction in a cage (75 × 75 × 115 cm, Bugdorm, Taichung, Taiwan) allowed the collection of eggs before incubation (3–4 days) (Hoc et al., 2019). The incubation was completed on mosquito nets above a tank (40 × 30 × 10 cm, Trofast, Ikea, Belgium) that contained a 60% moisture starter diet (i.e. 60% plant waste and 40% laboratory insect diet). After one week of pre-fattening, young larvae (i.e. ± 0.01 g) were produced and sieved from their substrate for the fattening step. Young larvae were grown in polyvinyl chloride (PVC) tanks (76.50 × 56.50 × 30.50 cm, Auer Packaging, Amerang, Germany) at a density of ±2.35 individuals (ind.)/cm2. Two diets on a dry matter (DM) basis were used as the growing substrates: (1) standard diet made of 70% post-brewing hops, 20% spent grains and 10% carrot peels and (2) ω3-enriched diet made of 50% post-brewing hops, 10% spent grain and 40% flax cake. Initially, 2.0 kg (DM) substrate was distributed in each fattening tank. After 6 days of growth, 0.6 kg substrate was added to each tank every 3 days until the first prepupae appeared. Diet moisture was adjusted to 80%. Each tank was closed with a lid. The front side had a 45° slope ending in a pre-pupae self-harvesting system that was made of a PVC tube gutter. Self-harvested prepupae were washed with water, frozen and then dried for 40 h at 60 °C in an incubator (FED 400, WTB Binder, Tuttlingen, Germany). Dried prepupae were finally ground (Davide 4 V, Novital, Lonate Pozzolo, Italy) to produce BSF prepupal meals (Table 1) before inclusion in the trout feed formulations.
Table 1
Proximate composition and fatty acid profiles of standard BSF and ω3- enriched BSF meals (n = 3).
	Standard BSF meal
	ω3- enriched BSF meal
	Statistical analyses
	P

	Proximate composition (g/100 g on dry matter)
Dry matter	89.57 ± 0.35b
	91.80 ± 0.15a
	F = 34.49
	P = 0.004

	Crude protein	32.39 ± 0.20a
	34.50 ± 0.88a
	F = 5.49
	P = 0.079

	Crude lipid	28.73 ± 1.60a
	27.92 ± 0.13a
	F = 0.25
	P = 0.641

	Fatty acids profile (% of total fatty acids)
C10:0	1.35 ± 0.01a
	1.23 ± 0.01b
	F = 67.90
	P < 0.001

	C12:0
	57.31 ± 0.73a
	45.66 ± 0.51b
	F = 169.79
	P < 0.001

	C14:0
	8.51 ± 0.18a
	7.46 ± 0.10b
	F = 27.42
	P = 0.006

	C14:1
	0.18 ± 0.01 a
	0.19 ± 0.00a
	F = 0.02
	P = 0.885

	C15:0
	0.00b
	0.21 ± 0.01a
	H = 4.35
	P = 0.037

	C16:0
	10.98 ± 0.18a
	11.47 ± 0.35a
	F = 1.57
	P = 0.278

	C16:1
	2.07 ± 0.08a
	2.46 ± 0.03a
	F = 23.85
	P = 0.008

	C17:0
	0.00b
	0.19 ± 0.01a
	H = 4.35
	P = 0.037

	C17:1
	0.00b
	0.21 ± 0.02a
	H = 4.35
	P = 0.037

	C18:0
	1.32 ± 0.06b
	1.70 ± 0.05a
	F = 27.17
	P = 0.006

	C18:1n-9
	5.67 ± 0.10b
	9.74 ± 0.28a
	H = 3.86
	P = 0.050

	C18:2n-6 (LA)
	11.15 ± 0.25a
	9.80 ± 0.29b
	F = 12.24
	P = 0.025

	C18:3n-3 (ALA)
	1.36 ± 0.11b
	9.67 ± 0.24a
	F = 1014.07
	P < 0.001

	SFAs
	79.46 ± 0.34a
	67.93 ± 0.43b
	F = 443.62
	P < 0.001

	MUFAs
	7.92 ± 0.05b
	12.60 ± 0.29a
	F = 259.29
	P < 0.001

	PUFAs
	12.51 ± 0.18b
	19.47 ± 0.40a
	F = 250.73
	P < 0.001

	n-3/n-6
	0.12 ± 0.01b
	0.99 ± 0.04a
	F = 543.21
	P < 0.001


Standard BSF meal = meal of BSF fed with post-brewing hops 70%, spent grain 20% and carrot peels 10%; ω3- enriched BSF meal = meal of BSF fed with post-brewing hops 50%, spent grain 10% and flax cake 40%; LA = linoleic acid; ALA = α-linolenic; SFAs = saturated fatty acids; MUFAs = monounsaturated fatty acids; PUFAs = polyunsaturated fatty acids; Means with different letters significantly differ (Anova (F test) followed by tukey post hoc test; P < 0.05) or Kruskal-Wallis (H test) followed by Mann-Whitney comparisons; P < 0.05).
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     Three isoproteic (crude protein ≈ 40 g/100 g), isolipidic (crude lipid ≈ 15 g/100 g) and isoenergetic (gross energy ≈ 22 MJ/kg) diets were formulated (Table 2): a fish-based diet (FD) as a control and two diets with partial substitution (75%) of FM by a BSF non-enriched (BSFD) and ω3-enriched prepupal meal (ω3-BSFD). For each formulation, dry ingredients were first mixed for 10 min in a commercial stand mixer (N-50, Hobart, Kampenhout, Belgium) and were subsequently adjusted to 20% moisture content. Then, they were extruded using a twin-screw extruder (BC-45, Creusot-loire, Firminy, France) with a screwing speed of 130 rpm. The extruder was set to operate at 110 °C and was fitted with an exit die of 4 mm diameter. The extrusion was carried out on diets with 20% moisture content following preliminary tests at different moisture contents. Following extrusion, pellets were dried at 60 °C for 24 h (FED 400, WTB Binder, Tuttlingen, Germany), sealed in plastic bags and stored at −20 °C until the experiments.

2.3.	Fish experimentation
All procedures and protocols used in these experiments were reviewed and approved by the Institutional Animal Care and Use Ethics Committee of the University of Liège (Belgium), reference 19–2163. The “Guide for the Care and Use of Laboratory Animals,” prepared by the Institute of Laboratory Animal Resources, National Research Council, and published by the National Academy Press, was followed carefully. European and Belgian legislation was also complied with (Royal Decree of May 29, 2015). The feeding trial was conducted for 75 days in an indoor recirculating aquaculture system (RAS), which was developed by the Integrated and Urban Plant Pathology laboratory in Gembloux Agro-Bio Tech (University of Liège, Belgium). One-hundred and eighty female rainbow trout from the fish farm of “Ry des Prés” (Philippeville, Belgium) were loaded in 600 L fiberglass tanks (20 fish per tank and 3 tanks per diet). Each tank was supplied with 20 L/min flowing water composed of a mixture of rainwater (1/3) and tap water (2/3). A 10% renewal of RAS water volume was divided into four daily renewals. Abiotic parameters were recorded every 20 min with automatic sensors in an IKS system (Aquastar PondPilot, iks ComputerSysteme GmbH, Karlsbad, Germany) placed in the loading tank. Abiotic parameters included pH = 8 ± 0.5, conductivity = 308 ± 13 mS/cm, temperature = 12.0 ± 0.5 °C and dissolved oxygen = 10.14 ± 0.13 mg/L. Tanks biomass were initially balanced, leading to initial average biomass per tank of 5.982 ± 0.032 kg, which corresponded to an individual average fish weight of ≈ 298 g. Each experimental diet was tested in triplicate (n = 3 tanks). Trout were fed four times a day using automatic feeders (Automatic Fish Feeder, Xclear, Ekkersrijt, Netherlands). The feed ration distributed was 1% biomass during the first 3 weeks of rearing and was increased to 1.2% at the end of the experiment. The fish in each tank were weighed in bulk and were counted every 2 weeks in order to adjust the feed rates.

Table 2
Ingredients of experimental trout diets.
	
	FD
	BSFD
	ω3-BSFD

	Ingredients (g/kg on dry matter basis)
Fish meal1
	400
	100
	100

	BSF prepupal meal
	0
	300
	0

	ω3-enriched BSF prepupal meal
	0
	0
	300

	Wheat meal2
	280
	195
	200

	Gluten meal2
	60
	205
	200

	Pregelatinized wheat meal2
	150
	150
	150

	Fish oil3
	95
	35
	35

	Premix4
	15
	15
	15


FD = fish-based diet; BSFD = standard BSF prepupal meal-based diet; ω3-BSFD = ω3enriched BSF prepupal meal-based diet.
1 999, Dreambaits, Genk, Belgium.
2 Laboratory of Food Science and Formulation, Gembloux, Belgium.
3 Pure fish oil, Dreambaits, Genk, Belgium.
4 The premix is a minerals and vitamins mixture (Aqua Bio, Turnhout, Belgium).
2.4.	Fish samples
At the end of the experiment, all fish were euthanized with an overdose of tricaine methanesulfonate (MSS 222; 300 mg/L). They were then weighed and measured to determine their condition factor. Four fish in each tank were also sampled (n = 12/diet), dissected and hand-filleted. Liver, viscera and intraperitoneal fat were removed and weighed to determine the hepato-somatic and viscero-somatic indexes as well as their coefficients of fatness. Muscle samples of four fish in each tank were pooled to analyze their proximate compositions and FA profiles. All samples were stored at −20 °C until the analysis (7 days).

2.5.	Proximate composition and fatty acid profile analyses
All analyses were performed in triplicate for BSF prepupal meals, experimental diets and muscle samples for each diet. Before the analyses, all samples were freeze-dried (Gamma 2–16 LSCPLUS, Martin Christ, Germany) and ground in a blender (IKA® A10, Staufen, Germany). Dry matter content was determined by dehydrating samples in a drying oven (Memmert® UM500, Schwabach, Germany) at 105.0 °C overnight. Ash content was determined by incineration. Samples were heated in a muffle furnace to 550.0 °C at a constant rate of 50.0 °C for 30 min and was maintained for 4 h at 550.0 °C and cooled in a desiccator. Crude protein content was determined with the Dumas method (Rapid N Cube Elementar®, Hanau, Germany). The conversion factor for determining crude protein content of the experimental diets and the BSF prepupal meals was adapted in function of the origin of the protein (6.25 for animal source, 4.76 for insect source and 5.83 for wheat source) (Janssen et al., 2017; Mariotti et al., 2008). Gross energy was measured with an adiabatic calorimeter bomb (6200 Isoperibol Calorimeter, Parr Instrument Company, Illinois, USA). Fat content was determined by Folch extraction (Folch et al., 1957). Fatty acid composition was estimated by gas chromatography. FAs of 10.0 mg of lipids were converted to fatty acid methyl esters with boron trifluoride (Sigma-Aldrich, Overijse, Belgium) and methanol (VWR, Oud-Heverlee, Belgium) according to the ISO 12966-2:2017 official norm. Fatty acid methyl esters were diluted in 8 mL hexane (VWR) and were analyzed with a Trace GC Ultra gas chromatogram (Thermo Fisher Scientific, Asse, Belgium) equipped with a split/split less injector (240.0 °C) with a helium flow of 1.3 mL/min operating in splitless mode (splitless time: 0.85 min) and a flame ionization detector (250.0 °C). A Stabliwax DA column (Restek Corp, Bellefonte, PA, USA) (30 m × 0.25 μm × 0.25 mm in length × thickness × diameter) was used for the analysis. The temperature program was as follows: held at 50.0 °C for 1 min increased to 150.0 °C at 30.0 °C/min increased to 240.0 °C at 5.0 °C/min and hold at 240.0 °C for 10 min (Paul et al., 2017). Fatty acid methyl esters were identified based on retention data compared to a reference mixture of 37 components (Supelco® 37 component FAME mix, Sigma-Aldrich. Overijse, Belgium). The relative percentage of each compound (CV of 1,5% in line with Jarukas et al. (2021)) was calculated by comparing individual peak areas with the sum of the peak areas of all identified compounds using Chemstation software (Agilent Technologies, PA, USA).
2.6.	Statistics analyses
All analyses were conducted with Minitab software (version 18 for Windows, State College, PA, USA). The results were presented as the mean and standard error of the mean (±SE). The accepted level of significance was 5% in all analyses. Data were analyzed using one-way analysis of variance (ANOVA; F test), followed by Tukey's post-hoc tests, to evaluate significant differences. When data were not normally distributed and/ or did not have homogeneous variances, non-parametric Kruskal-Wallis tests (H test) followed by Mann-Whitney comparisons were used.


Results
3.1.	Black soldier fly prepupae production
The first prepupae were collected after 17 fattening days. Prepupal total mass and prepupae dry matter content were higher for the standard diet compared to ω3-enriched diet (Table 3). Substrate reduction was higher for the standard diet, while the feed conversion ratio (FCR) did not vary between diets (Table 3).

Table 3
Black soldier fly growth and substrate reduction (n = 3).
	Diet
	Standard
	ω3-enriched
	Statistical analyses
	P

	Development time (day)1
	17.00
	17.00
	n.d.
	n.d.

	Prepupal total mass (kg FM)
	1.77 ± 0.08a
	1.57 ± 0.04b
	F = 9.07
	P = 0.040

	Prepupal total mass (kg DM)
	0.63 ± 0.02a
	0.53 ± 0.03b
	F = 8.47
	P = 0.044

	Prepupae DMC (g DM/100 g FM)
	35.85 ± 0.07a
	32.99 ± 0.36b
	F = 59.78
	P = 0.002

	Feed added (kg DM)
	3.80
	3.80
	n.d
	n.d.

	Residues (kg DM)
	1.54 ± 0.04b
	2.11 ± 0.06a
	F = 66.79
	P = 0.001

	FCR (DM)2
	3.58 ± 0.10 a
	3.22 ± 0.11 a
	F = 5.96
	P = 0.071

	Substrate reduction (%)3
	59.53 ± 1.03a
	44.53 ± 1.52b
	F = 66.79
	P = 0.001


Standard = post-brewing hops 70%, spent grain 20% and carrot peels 10%; ω3- enriched = post-brewing hops 50%, spent grain 10% and flax cake 40%; FM = fresh matter; DM = dry matter; DMC = dry matter content; n.d. = not determined; Means with different letters significantly differ (Anova (F test) followed by tukey post hoc test; P < 0.05). 1 Development time = young larvae (± 0.01 g) to first prepupae collection.
1 Development time = young larvae (± 0.01 g) to first prepupae collection.
2 FCR = (Feed added – Residues) / Gained weight.
3 Substrate reduction = ((Feed added – Residues) / Feed added) × 100.

3.2.	Black soldier fly prepupal meals composition
Crude protein and crude fat content did not vary significantly between the two BSF prepupal meals (Table 1). The fatty acid profiles were dominated by saturated fatty acids (SFAs) in both BSF prepupal meals, with a higher percentage of SFAs in standard BSF than ω3enriched BSF, mainly due to their high lauric acid (C12:0) contents (Table 1). Mono and polyunsaturated fatty acids (MUFAs and PUFAs) and n-3/n-6 ratio were higher in ω3-enriched BSF compared to standard BSF, mainly due to this oleic acid (C18:1n-9) and α-linolenic acid (ALA, C18:3n3) contents (Table 1).

3.3.	Trout growth performance
The final weight, weight gain, relative weight gain, specific growth rate of fish fed with BSF prepupal meal-based diets were significantly lower compared to fish fed with the fish-based diet (FD). However, no significant differences were observed when comparing these parameter between BSFD and ω3-BSFD. The feed conversion ratio, protein efficiency ratio and survival rate (over 96%) did not vary between diets (Table 4). No significant mortality was observed during the trial period.

Table 4
Growth performance of rainbow trout fed with experimental diets (n = 3).
	
	FD
	BSFD
	ω3-BSFD
	Statistical analysis
	P

	Initial weight (g)
	298.32 ± 2.09a
	300.69 ± 1.25a
	298.31 ± 1.70a
	F = 0.64
	P = 0.559

	Final weight (g)
	588.47 ± 5.48a
	562.33 ± 5.36b
	553.52 ± 6.03b
	F = 10.33
	P = 0.011

	Weight gain (g)1
	290.15 ± 6.09a
	261.64 ± 6.09b
	255.21 ± 6.70b
	F = 8.71
	P = 0.017

	RWG (%)2
	97.26 ± 1.84a
	87.01 ± 1.78b
	85.55 ± 2.02b
	F = 11.48
	P = 0.009

	SGR (%/day)3
	0.92 ± 0.0a
	0.86 ± 0.0b
	0.83 ± 0.0b
	F = 10.26
	P = 0.012

	FCR4
	1.12 ± 0.0a
	1.23 ± 0.03a
	1.24 ± 0.04a
	F = 5.29
	P = 0.066

	PER5
	2.27 ± 0.03a
	2.08 ± 0.06a
	2.10 ± 0.05a
	F = 4.63
	P = 0.061

	Survival (%)6
	98.33 ± 1.67a
	96.67 ± 3.33a
	96.67 ± 3.33a
	H = 0.10
	P = 0.953


FD = fish-based diet; BSFD = standard BSF prepupal meal-based diet; ω3-BSFD = ω3-enriched BSF prepupal meal-based diet; Weight measured on a fresh weight basis; RWG = Relative weight gain; SGR = Specific growth rate;FCR = Feed conversion ratio; PER = Protein efficiency ratio; Means with different letters significantly differ (Anova test (F test) followed by tukey post hoc test; P < 0.05) or (Kruskal-Wallis test (H test) followed by Mann-Whitney comparisons; P < 0.05).
1 Weight gain = final body weight (g) – initial body weight (g).
2 RWG = (final body weight (g) – initial body weight (g)) / initial body weight (g) × 100.
3 SGR = (ln final body weight (g) – ln initial body weight (g)) / number of feeding day × 100.
4 FCR = total dry feed intake (g) / (final body weight (g) – initial body weight (g)).
5 PER = (final body weight (g) – initial body weight (g)) / total dry protein feed (g).
6 Survival rate = (number of fish at start - number of dead fish)/ number of fish at start × 100.

3.4.	Condition factor and somatic indexes
No differences were recorded for the condition factor or-, hepato and viscerosomatic indexes of trout fed with the experimental diets. The coefficient of fatness was higher for trout fed with BSF prepupal meal-based diets compared to the fish-based diet (Table 5).

Table 5
Condition factor and somatic indexes of rainbow trout fed with experimental diets (n = 12).
	
	FD
	BSFD
	ω3-BSFD
	Statistical analysis
	P

	K1
	1.04 ± 0.05
	0.99 ± 0.06a
	1.04 ± 0.04a
	F = 2.27
	P = 0.114

	HSI2
	1.30 ± 0.08
	1.35 ± 0.09a
	1.38 ± 0.11a
	F = 1.32
	P = 0.276

	VSI3
	8.20 ± 0.52
	8.41 ± 0.57a
	8.66 ± 0.58a
	F = 1.06
	P = 0.355

	CF4
	1.41 ± 0.32b
	1.84 ± 0.28a
	1.91 ± 0.41a
	F = 5.12
	P = 0.009


FD = fish-based diet; BSFD = standard BSF prepupal meal-based diet; ω3-BSFD = ω3enriched BSF prepupal meal-based diet; K = condition factor; HIS = hepatosomatic index; VSI = viscerosomatic index; CF = coefficient of fatness; K, HIS, VSI and CF measured on a fresh weight basis; Means with different letters significantly differ (Anova (F test) followed by tukey post hoc test; P < 0.05).
1 Condition factor = fish weight (g) / (body length)3 (cm)] × 100 Standard length.
2 Hepatosomatic index = liver weight (g) / final body mass (g) × 100.
3 Viscerosomatic index = viscera weight (g) / final body weight (g) × 100.
4 Coefficient of fatness = perivisceral fat weight (g) / fish weight (g) × 100.
3.5.	Proximate composition and fatty acid profile of fillets
Dry matter, crude protein, crude fat and ash content in fillets did not vary with experimental diet. However, the FA profiles differed with diet (Table 7). SFA content was significantly higher for trout fed with BSF prepupal meal-based diets, mainly due to their C12:0 contents. MUFA content did not vary significantly between diets and was dominated by palmitoleic acid (C16:1) and oleic acid (C18:1n-9). Finally, PUFA content was significantly higher for trout fed with the fish-based diet, mainly due to higher EPA and DHA acid content (Tables 6, 7).

Table 6
Proximate composition and fatty acid profiles of experimental trout diets (n = 3).
	
	FD
	BSFD
	ω3-BSFD
	Statistical analyses
	P

	Proximate composition⁎
Dry Matter (g/100 g)
	97.41 ± 0.07a
	92.26 ± 0.30c
	93.55 ± 0.11b
	F = 195.89
	P < 0.001

	Crude protein (g/100 g)
	39.23 ± 0.13a
	38.78 ± 0.18a
	38.90 ± 0.13a
	F = 2.98
	P = 0.126

	Crude lipid (g/100 g)
	14.74 ± 0.33a
	15.97 ± 0.27a
	15.17 ± 0.46a
	F = 2.97
	P = 0.127

	Ash (g/100 g)
	4.96 ± 0.06a
	3.66 ± 0.01c
	3.98 ± 0.01b
	F = 399.64
	P < 0.001

	Gross energy (MJ/kg)
	21.62 ± 0.02c
	22.21 ± 0.03b
	22.55 ± 0.04a
	F = 78.77
	P < 0.001

	Fatty acids profile (% of total fatty acids)
C10
	⁎ 0.00b
	1.04 ± 0.04a
	1.02 ± 0.01a
	H = 6.61
	P = 0.046

	C12
	0.00c
	47.48 ± 1.09a
	37.46 ± 0.08b
	H = 7.45
	P = 0.024

	C14
	5.55 ± 0.05b
	7.21 ± 0.08a
	6.85 ± 0.12a
	F = 95.33
	P < 0.001

	C16
	21.04 ± 0.81a
	12.41 ± 0.34b
	13.47 ± 0.18b
	F = 82.08
	P < 0.001

	C16:1
	8.39 ± 0.10a
	2.71 ± 0.19b
	2.48 ± 0.21b
	F = 377.69
	P < 0.001

	C18
	3.34 ± 0.13a
	1.54 ± 0.05c
	1.98 ± 0.01b
	F = 135.69
	P < 0.001

	C18:1n-9
	25.30 ± 0.38a
	8.95 ± 0.53c
	11.65 ± 0.11b
	F = 535.23
	P < 0.001

	C18:2n-6 (LA)
	9.67 ± 0.27b
	12.04 ± 0.07a
	11.89 ± 0.09a
	F = 60.28
	P < 0.001

	C18:3n-3 (ALA)
	2.06 ± 0.04b
	1.71 ± 0.08c
	8.43 ± 0.06a
	F = 621.92
	P < 0.001

	C20:1n-9
	4.92 ± 0.26a
	1.20 ± 0.17b
	1.01 ± 0.04b
	F = 143.17
	P < 0.001

	C20:5n-3 (EPA)
	6.69 ± 0.15a
	1.16 ± 0.05b
	1.26 ± 0.07b
	F = 454.73
	P < 0.001

	C22:1n-9
	4.29 ± 0.26a
	1.07 ± 0.02b
	1.05 ± 0.08b
	F = 961.89
	P < 0.001

	C22:6n-3 (DHA)
	8.76 ± 0.32a
	1.46 ± 0.09b
	1.44 ± 0.05b
	F = 676.51
	P < 0.001

	SFAs
	29.92 ± 0.91c
	69.67 ± 0.83a
	60.78 ± 0.43b
	F = 845.25
	P < 0.001

	MUFAs
	42.89 ± 0.67a
	13.93 ± 0.87b
	16.19 ± 0.44b
	F = 624.15
	P < 0.001

	PUFAs
	27.19 ± 0.27a
	16.38 ± 0.06c
	23.03 ± 0.26b
	F = 825.79
	P < 0.001

	n-3/n-6
	1.82 ± 0.10a
	0.36 ± 0.00c
	1.14 ± 0.04b
	F = 159.47
	P < 0.001


FD = fish-based diet; BSFD = standardBSF prepupal meal-based diet; ω3-BSFD = ω3-enriched BSF prepupal meal-based diet; LA = linoleic acid; ALA = α-linolenic acid; EPA = eicosapentaenoic acid; DHA = docosahexaenoic acid; SFAs = saturated fatty acids; MUFAs = monounsaturated fatty acids; PUFAs = polyunsaturated fatty acids; ⁎ The values resulting from means of triplicate analyses per diet.

Table 7
Proximate composition and fatty acid profiles of rainbow trout fillets fed with experimental diets (n = 3).
	FD
	BSFD
	ω3-BSFD
	Statistical analyses
	P

	Proximate composition (g/100 g en matière fraiche)
Dry matter	23.72 ± 0.36a
	24.14 ± 0.19a
	24.02 ± 0.46a
	F = 0.35
	P = 0.719

	Crude protein
	19.88 ± 0.11a
	19.23 ± 0.09a
	19.41 ± 0.44a
	F = 1.58
	P = 0.280

	Crude lipid
	3.21 ± 0.57a
	4.05 ± 0.32a
	3.86 ± 0.32a
	F = 1.09
	P = 0.393

	Ash
	1.34 ± 0.01a
	1.32 ± 0.01a
	1.32 ± 0.03a
	F = 2.08
	P = 0.206

	Fatty acids profile (% of total fatty
C12:0
	acids)
0.00c
	11.78 ± 0.73a
	9.63 ± 0.21b
	H = 6.71
	P = 0.035

	C14:0
	3.10 ± 0.04c
	4.80 ± 0.17a
	4.21 ± 0.06b
	F = 40.76
	P < 0.001

	C16:0
	26.02 ± 1.18a
	22.15 ± 0.21b
	22.13 ± 0.51b
	F = 7.92
	P = 0.021

	C16:1
	5.42 ± 0.15a
	5.89 ± 0.45a
	5.31 ± 0.22a
	F = 1.23
	P = 0.357

	C18:0
	3.39 ± 0.12a
	3.58 ± 0.26a
	3.35 ± 0.09a
	F = 0.56
	P = 0.599

	C18:1n-9
	24.82 ± 0.66a
	23.47 ± 0.56a
	24.49 ± 0.25a
	F = 1.58
	P = 0.281

	C18:2n-6 (LA)
	10.05 ± 0.30b
	13.96 ± 0.48a
	13.63 ± 0.47a
	F = 22.98
	P = 0.002

	C18:3n-3 (ALA)
	2.42 ± 0.04b
	2.13 ± 0.17b
	3.84 ± 0.24a
	F = 14.89
	P = 0.005

	C20:1n-9
	1.97 ± 0.16a
	0.89 ± 0.05b
	0.86 ± 0.02b
	F = 39.74
	P < 0.001

	C20:3n-6
	0.44 ± 0.01b
	0.77 ± 0.08a
	0.78 ± 0.05a
	F = 9.87
	P = 0.013

	C20:3n-3
	0.86 ± 0.03a
	1.02 ± 0.08a
	1.00 ± 0.02a
	F = 2.92
	P = 0.130

	C20:5n-3 (EPA)
	5.27 ± 0.13a
	2.14 ± 0.27b
	2.30 ± 0.05b
	F = 48.02
	P < 0.001

	C22:1n-9
	0.98 ± 0.16a
	0.24 ± 0.04b
	0.24 ± 0.01b
	F = 19.41
	P = 0.002

	C22:5n-3
	0.85 ± 0.03a
	0.43 ± 0.05b
	0.43 ± 0.01b
	F = 48.02
	P < 0.001

	C22:6n-3 (DHA)
	14.21 ± 0.33a
	6.73 ± 0.41b
	7.69 ± 0.19b
	F = 135.96
	P < 0.001

	SFA
	32.72 ± 1.03b
	42.31 ± 0.47a
	39.41 ± 0.59a
	F = 36.72
	P < 0.001

	MUFA
	33.18 ± 0.89a
	30.50 ± 0.96a
	30.90 ± 0.08a
	F = 4.07
	P = 0.076

	PUFA
	30.82 ± 0.68a
	24.04 ± 1.26b
	24.83 ± 0.33b
	F = 28.51
	P = 0.001

	n3/n6
	2.25 ± 0.03a
	0.84 ± 0.02c
	1.06 ± 0.03b
	H = 7.20
	P = 0.027


FD = fish-based diet; BSFD = standard BSF prepupal meal-based diet; ω3-BSFD = ω3-enriched BSF prepupal meal-based diet; LA = linoleic acid; ALA = α-linolenic acid; EPA = eicosapentaenoic acid; DHA = docosahexaenoic acid. SFAs = saturated fatty acids; MUFAs = monounsaturated fatty acids; PUFAs = polyunsaturated fatty acids; Means with different letters significantly differ (Anova test (F test) followed by tukey post hoc test; P < 0.05) or (Kruskal-Wallis test (H test) followed by Mann-Whitney comparisons; P < 0.05).
 
Discussion

     For the fed aquaculture to expand, new feed inputs must be identified to ensure its sustainability. Potential alternative resources include BSF prepupae production through the valorization of low-value organic materials. This is a promising process for developing new aquafeed ingredients. The potential inclusion of full-fat BSF prepupal meal in fish feed depends in particular on its fatty acid profile, which can be partially modulated by feed (Ewald et al., 2020). In the current study, two full-fat BSF prepupal meals with different fatty acid profiles were produced by valorizing plant byproducts. The meal was then included in rainbow trout diets by partially substituting fish meal. The effects of BSF based diets on nutritional attributes and performance of rainbow trout reared in an indoor recirculating aquaculture system were assessed. 

4.1.	Black soldier fly prepupae production
BSF larvae are generally fed with chicken feed as the control diet and show larval development times of 12 to 15 days (Hoc et al., 2021; Lalander et al., 2019; Spranghers et al., 2017). When fed with wastebased diets or manure-based diets, BSF larvae exhibit longer development times, of 19 to 24 days (Meneguz et al., 2018; Rehman et al., 2017; Spranghers et al., 2017). In the current study, larval development time with the two diets made of plant byproducts was between the control diet and waste-based diets, requiring approximately 17 days. The dry matter content of prepupae differed between the two diets (35.85 ± 0.07% on standard diet and 32.99 ± 0.36% for ω3-enriched diet), and showed a similar range to that reported by Oonincx et al. (2015a) on food byproducts (from 32.9% to 35.6%). The feed conversion ratio (FCR) of insect larvae obtained for both diets was lower (3.58 ± 0.10 for BSFD vs 3.22 ± 0.11 ω3-BSFD) compared to larvae reared on banana peeling (4.5) and pig (9.60) or chicken manure (13.40), indicating efficient bioconversion of the development substrate by larvae (Newton et al., 2005; Nyakeri et al., 2017; Sheppard et al., 1994). Substrate reduction differed between the two BSF diets (59.53 ± 1.03% for standard diet and 44.53 ± 1.52% for ω3-enriched diet). These values were lower compared to those recorded on fruit, vegetables and wastes (65.2–70.8%), but were higher compared to those recorded on pure brewery byproducts (42.5%) (Meneguz et al., 2018). These parameters indicate that the formulated diets satisfied the nutritional requirements of BSF larvae, while providing significant substrates reduction in a sustainable way.

Nevertheless, the sustainability of BSF production in Europe is restricted by the eligible feed inputs already valorized for conventional livestock feed (e.g. pig and chicken). The high valorization potential of BSF for sensitive organic materials (e.g. manure, viscera, food waste) that are not used in conventional feed would facilitate the sustainable development of this production (Cheng et al., 2017; Miranda et al., 2020; St-Hilaire et al., 2007b). Moreover rendering byproducts that are not valorized, such as fish viscera, are rich sources of ω3LC- PUFAs, wich could be upcycled by BSF to improve their nutritional composition (St-Hilaire et al., 2007b). Various researches is in progress and must be developed, to evaluate the health risks to livestock (e.g. chemical contaminants, microbiological threats, infectious prions) given feed with BSF produced on non-eligible feed inputs (Lalander et al., 2013; Purschke et al., 2017). Such information would provide a scientific basis to modify current legislation.

4.2.	BSF prepupal meals composition
The BSF prepupal meal crude protein content obtained for the two diets (respectively 32.39 ± 0.20% and 34.50 ± 0.88% for standard and ω3-enriched diet) was similar to that of previous studies (24.5% to 42.5%) in which the chitin content was subtracted from the total nitrogen of insects, and from studies using the specific N-to-protein conversion factor of 4.76 determined by Janssen et al. (2017) (Diener et al., 2009; Gold et al., 2020). Lipid content was around 28% for the two BSF prepupal meals in the current study. Larval lipid content depends on their developmental stage and is highest for mature larvae and prepupae (Liu et al., 2017). Previous studies recorded that the lipid content of BSF prepupae ranged from 21.42% on manure to 38.6% on restaurant waste and even up to 57.8% on bread (Ewald et al., 2020;
Spranghers et al., 2017; St-Hilaire et al., 2007b). These results could be attributed to the level of digestible carbohydrates in the tested diets (Barragan-Fonseca et al., 2019; Zheng et al., 2012). The inclusion of flax cake in the BSF diet simultaneously reduced the C12:0 content and increased the ALA content of prepupae. ALA enrichment of BSF fed an ω3-enriched diet allowed their n3/n6 ratio (0.99) to be balanced, which improve the synthesis of DHA from ALA by trout (Colombo et al., 2018). Although EPA and DHA are of interest for enhancing fish nutrition, neither was detected in BSF prepupal meal. BSF prepupae are not able to produce long-chain PUFAs and could simply accumulate those provided in their diet (Barroso et al., 2019, 2017; Hoc et al., 2020, 2021; St-Hilaire et al., 2007b).

4.3. Trout growth performance
The 30% full-fat BSF prepupal meals dietary inclusion induced a decrease in the rainbow trout growth parameters. It is known that the lipid quality and inclusion levels in the trout diet influence fish growth parameters as the inclusion of 30% of full-fat BSF prepupal meal reduced trout growth (St-Hilaire et al., 2007a). In comparison, the dietary inclusion of 36.5% of LC- PUFAs enriched full-fat BSF prepupal meal and 45% defatted BSF meal showed no significant growth differences with the control diet (Randazzo et al., 2021; Sealey et al., 2011). Based on Renna et al. (2017) and Ballestrazzi et al. (2006), SFA levels between 57.61 and 75.86% of dietary fatty acid profile negatively impact the growth parameters of trout. Consequently, the relatively high SFA contents of BSF prepupal meal-based diets in this experiment (69.67 ± 0.83% in BSFD and 60.78 ± 0.43% in ω3-BSFD) could explain why the growth parameters of trout declined.
Another potential limiting factor for the inclusion of BSF prepupal meal in aquafeed is the chitin content of the insect exoskeleton (Kroeckel et al., 2012). The digestion of chitin by fishes depends on the species' ability to synthesize chitinolytic enzymes (i.e. chitinase and chitobiase), wich are endogenous in rainbow trout and are efficient up to 4% chitin inclusion in trout diet (Lindsay et al., 1984). The chitin contents of BSF prepupae reared on different substrates (chicken feed, digestate, vegetable and restaurant wastes) ranged from 5.6 to 6.7% (Spranghers et al., 2017). Based on an average value of 6.05% chitin in BSF prepupae and the BSF prepupal meal dietary inclusion levels in the current study, chitin content in BSF prepupal meal-based diets was estimated to be around 1.82%. Because this value was below the 2% at wich Renna et al. (2017) recorded no impact on trout growth, chitin content is not likely the main factor explaining the documented differences in growth in the current study.

Finally, FM substitution (75%) with full-fat BSF prepupal meals in the current study was performed on a weight basis, not protein basis. The protein content of the experimental BSF meal-based diets was balanced through the inclusion of more gluten (6% in FM vs 20.5% in BSFD and 20% ω3-BSFD). The inclusion of more plant protein in the BSF mealbased diets could have reduced the dietary essential amino content, including lysine and arginine; and decrease the utilization of dietary protein for growth but was not found in the current study (Berge et al., 2003; Davies et al., 1997).

4.4. Condition factor and somatic indexes
Fish condition factors in our study were similar for all tested diets (from 0.99 ± 0.06 to 1.04 ± 0.05), indicating the healthy physiological condition and well-being of fish (Renna et al., 2017). These values are reflected those of previous studies on trout fed with the increasing inclusion of full-fat and defatted BSF meals by FM substitution in diets without impacting the condition factor, which ranged from 1.12 to 1.13 and 1.18 to 1.23 respectively (Cardinaletti et al., 2019; Renna et al., 2017). The hepatosomatic index is a liver weight-based index that should be between 1 and 2%. This index, was also similar for the three diets (range: 1.30 ± 0.08% to 1.38 ± 0.11%), and reflect the values obtained in previous studies (range: 1.10% to 1.73%) (Melenchón et al., 2020; Renna et al., 2017; Stadtlander et al., 2017). Lower values of this index indicate fish disorders in carbohydrate and fat metabolism, the existence of oxidized ingredients and carbohydrate or vitamin deficiency (Munshi and Dutta, 1996). The viscerosomatic index is a viscera weight-based index. This index, also did not vary with BSF meal inclusion in the diets, with values ranging between 8.20 ± 0.52 and 8.66 ± 0.58%. Similar values were reported by Renna et al. (2017) and Stadtlander et al. (2017), who obtained viscerosomatic indexes of 8.94 to 9.21% and 10.1 to 10.5%, respectively, with defatted BSF meal inclusion by FM substitution in trout diets. Trout fed with BSF meal-based diets had higher coefficients of fatness compared to those fed with fish-based diets (1.41 ± 0.32% with FD, 1.84 ± 0.28% with BSFD and 1.91 ± 0.41% with ω3-BSFD). These differences were attributed to intraperitoneal fat accumulation of trout fed with BSF meal-based diets, which is considered to be the main fat storage site in rainbow trout (De Francesco et al., 2004; Palmegiano et al., 2006). The higher inclusion of gluten meal in BSF meal based-diets may have increased fat synthesis from dispensable amino acids excess (such as glutamic acid) of this plant protein source, which increased the intraperitoneal fat deposition (De Francesco et al., 2004).
4.5. Proximate composition and fatty acid profile of fillets
The inclusion of 30% of full-fat BSF prepupal meals in trout nutrition in the current study did not alter the protein content of trout fillets (range: 19.23 ± 0.09% to 19.88 ± 0.11%). The obtained values were very similar to those previously reported following the dietary inclusion of defatted and full-fat BSF meal (from 18.77% to 23.3% protein content for inclusion, ranging from 20% to 40%) (Mancini et al., 2018; Renna et al., 2017; Sealey et al., 2011). Thus, defatting might not be required to ensure constant protein content in fish, with the amino acid profile of BSF meals generally appearing to be well-balanced (Barroso et al., 2014; Kroeckel et al., 2012). No variation in the lipid content of trout fillets was detected between the three diets (range: 3.21 ± 0.57% to 4.05 ± 0.32%), similar to previous experiments on BSF meal inclusion in trout nutrition (range: 1.2% to 1.6% and 7.33% to 8.04%) (Mancini et al., 2018; Melenchón et al., 2020). Contrasting results were obtained by Sealey et al. (2011) and Renna et al. (2017), who reported a decrease and increase in lipid content, respectively (from 4.7% to 2.3% or from 4.18% to 5.48%), when increasing full-fat and defatted BSF meal dietary inclusion. As all formulations were isolipidic in this study and comparable studies, the modulation of fatty acid composition was expected, rather than a modulation of lipid content (Alvarez et al., 2001; Chang et al., 2018; Renna et al., 2017; Sealey et al., 2011). However, FAs from diets are not simply accumulated in fish tissue, but follow several metabolic pathways (e.g. energy production, bio-conversion and de novo fatty acid production), altering fatty acid profiles between diets and fish fillets (Tocher, 2003; Torstensen et al., 2000). SFAs are particularly high in BSF prepupal meal-based diets and were well represented in the BSF-fed (≈ 40%) and fish-fed (≈30%) trout fillets in the current study. This variation was highlighted in previous trout feeding trials using BSF and was associated to the lauric acid levels (C12:0) (Bruni et al., 2020; Renna et al., 2017; Sealey et al., 2011). Despite a significant proportion of C12:0 being bioaccumulated and β-oxidized for energy, C12:0 inclusion in diets would also promote several synthesis pathways that conserve similar levels of palmitic (C16:0), palmitoleic (C16:1), stearic (C18:0) and oleic (C18:1-n9) acid in the fish body (Ballestrazzi et al., 2006; Figueiredo-Silva et al., 2012; Li et al., 2016; Sealey et al., 2011). The same trend was observed in the current study for the levels of these FAs in fillets of trout fed with BSF prepupal meal-based diets, as it was poorly represented in these diets. Despite the dietary content in MUFA being lower in BSF prepupal meal-based diets (≈ 15%) compared to the fish-based diet (≈ 38%), MUFA content was similar in trout fillets (≈ 30%) for all diets. This result was likely due to the biosynthesis of C16:1 and C18:1n-9 from excess C12:0 in trout fed with BSF and the β-oxidation for energy purposes of ecosenoic acid (C20:1n-9) and erucic acid (C22:1n-9) in trout fed with fish-based diets (FigueiredoSilva et al., 2012; Tocher, 2003). This dietary conversion of SFAs by fish increased their MUFAs levels. MUFAs are recognized as being beneficial to human health by improving endothelial function, wich prevents cardiovascular diseases (Fuentes et al., 2001; Gillingham et al., 2011). PUFA content was lower in trout fed with BSF meal (≈ 30% with FD to ≈ 24% with BSFD and ω3-BSFD), as shown by studies testing the greater inclusion of BSF meals in trout diets (Mancini et al., 2018; Renna et al., 2017). These differences were mainly attributed to the absence of ω3LC- PUFAs (EPA and DHA) in BSF meals and FAs involved the prevention of human cardiovascular pathologies (Sarma et al., 2013). Despite the very low cumulative content of EPA and DHA in the BSF-based diets (≈ 2.72% vs ≈ 15.45% in FD) of the current study, these FAs clearly accumulated in trout fed with BSF (≈ 19.48% with FD, ≈ 8.87% with BSFD and ≈ 9.99 with ω3-BSFD). Unfortunately, additional ALA derived from ω3-BSFD did not appear to be bioconverted to DHA, despite the presence of intermediate metabolites in DHA synthesis (C20:3n-3 and C22:5n-3) (Kabeya et al., 2018; Yıldız et al., 2018). This bioconversion was probably been limited by metabolic competition with LA for the same enzymes (Δ6-desaturases) and/or a high degree for ALA βoxidation (Francis et al., 2006; Güler and Yildiz, 2011). Additional ALA derived from ω3-BSFD was partially incorporated in trout fillets (≈ 2.42% with FD, ≈ 2.13% with BSFD and ≈ 3.84 with ω3-BSFD). ALA is an important fatty acid in human nutrition and its inclusion in fish fillets add extra nutritional value (Izquierdo et al., 2005). FA modification in trout fillets based on the diets evaluated here represented the primary nutritional quality criterion retained by many fish nutrition studies. As other nutritional intake contents (e.g. amino acids, vitamins and trace elements) provide beneficial effects for health and are often underestimated, with a lack of awareness on their importance by consumers. Thus, it might be appropriate to consider them in future studies (Turchini et al., 2018).


Conclusion

     To move towards the environmental sustainability objective in aquaculture, this study focused on the impact of incorporating two types of BSF meal (enriched or not in ω3) in trout diets as a substitute to fishery products. For this purpose and considering the current legislation, BSF were raised on two diets made of local plant by-products, were processed into full-fat meals that were formulated into aquafeed pellets and subsequently tested on trout. Despite a lower content of ω3LCPUFA (EPA and DHA), as well as a slight decrease in specific growth rate and wet weight gain, the other nutritional and growth parameters were not affected by the incorporation of BSF meal and demonstrate the interest of insects as recyclers of organic matter in a sustainable production of farmed fish. As already pointed out, the production of BSF prepupae from plant byproducts has failed to produce full-fat BSF flours maintaining the level of ω3, particularly ω3LC- PUFAs, in trout fillets. The production of full-fat BSF meal requires few processing steps (drying and grinding) and is therefore attractive in terms of time and cost effectiveness. In order to ensure an adequate fatty acid profile, the use of feeds rich in ω3LC- PUFA to produce BSF such as fish waste should be considered. In order to change the current legislation and allow the use of these feeds in trout nutrition; future risk assessment studies are required to ensure that this process does not result in contaminant, parasite or pathogen transmission to fish. To better manage the incorporation rates of BSF proteins and lipids in trout nutrition, an additional delipidation step of prepupae can be performed but future economic studies are still needed to highlight the potential profitability of these processes.
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