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Insects are considered a sustainable alternative protein source in aquaculture diets. So far, 

most studies regarding the inclusion of inset meals in the diets of farmed fish focus on one 

insect species individually and they are examining the effect of different insect meal 

inclusion levels. This is a comparative study of the use of three different insect species in the 

diets of European sea bass. During the twelve-week experimental period, fish (average initial 

weight of 5.7 g) were fed with isonitrogenous and isoenergetic diets in which 30% of the fish 

meal was substituted with insect larvae meals from Tenebrio molitor (TM), Hermetia illucens 

(HI) or Musca domestica (MD) three times a day for seven days per week. Under the 

experimental conditions, growth performance was similar in fish fed either insect inclusion 

diets or the fish meal diet. The inclusion of TM resulted in a slight increase in feed 

conversion ratio. The inclusion of HI or MD did not significantly affect the whole-body 

composition and nutrient retention; however, inferior nutrient efficiencies were observed 

when fish meal was replaced with TM. The fatty acid content of the diets affected greatly the 

whole-body fatty acid composition. Fish fed on the rich in n-3 polyunsaturated fatty acids 

diets (FM and HI) had the highest content of n-3 fatty acids while fish in the TM and MD 

groups had the highest n-6 polyunsaturated fatty acid content due to the abundance of these 

fatty acids in the TM and MD diets. The whole-body amino acid profile was not affected by 

different insect diets or FM replacement. Amino acid retention varied between groups 

without showing any dietary effect. Plasma cholesterol levels were lowered in fish fed the 

TM and MD diets. Plasma triglycerides, phospholipids and lactate were not affected by the 

FM substitution, but differences occurred between the insect diets. Liver amino acid 

catabolizing enzymes activities (ALT, AST and GDH) were similar in all fish groups. 

Overall, this study shows the efficacy of insect meals as a fish meal substitute and that fish 

meal can be successfully replaced by Tenebrio molitor, Hermetia illucens and Musca 

domestica meals in 30% in the diets of European sea bass. 

 

Keywords: fish meal replacement; insect meal; fatty acids; amino acid deposition; plasma 

biochemical parameters 
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 30% of fish meal was substituted with Tenebrio molitor, Hermetia illucens or Musca 

domestica in the diets of European sea bass. 

 Growth performance was similar in all dietary treatments.  

 A minor increase in feed conversion ratio and a decrease in nutrient retention were 

observed when fish meal was substituted with Tenebrio molitor larvae meal. 

 The fatty acid but not the amino acid profile was affected by the different insect meals 

inclusion. 

 

Abbreviations: Fish meal, FM; Tenebrio molitor, TM; Hermetia illucens, HI; Musca 

domestica, MD; Acid Detergent fiber, ADF; Specific Growth Rate, SGR; Feed Conversion 

Ratio, FCR; Saturated fatty acids, SFA; Polyunsaturated Fatty Acids, PUFA; 

Eicosapentaenoic acid, EPA; Docosahexaenoic acid, DHA.  
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1. Introduction 

Due to the increasing demand and the high price of fish meal and the increasing pressure put on 

fish stocks for its production, its substitution in the aquafeeds has become a common practice for 

many years. Indeed, progress has been made in the use of alternative proteins derived from terrestrial 

plants. However, the use of plant ingredients as fish meal replacements conflicts with environmental 

sustainability  as it could aggravate deforestation and water bodies’ eutrophication (Ramos‐ Elorduy, 

1997) in addition to competing with the sources of ingredients for human food (Belghit et al., 2019; 

Malcorps et al., 2019). Insects are claimed to be a sustainable fish meal alternative because they 

require small land parcels and limited water to grow and they can bio-convert large amounts of 

organic waste into valuable animal protein, thus preventing the organic waste to become pollutant 

with little to no greenhouse gas emissions (van Huis and Oonincx, 2017; Sogari et al., 2019).  

Insects are becoming a favorable ingredient for the feed of livestock and aquaculture animals, 

mainly due to their high nutritional value. Insects contain substantial amounts of high-quality protein 

(up to 74.4% of dry matter) and a balanced amino acid profile, which is superior to soybean meal and, 

in the case of Dipterans, is similar to fish meal (Barroso et al., 2014; Gasco et al., 2019a). 

Additionally, some insects are rich in mono-and poly-unsaturated fatty acids such as oleic and linoleic 

acid (C18: 1 n-9 and C18:2 n-6 respectively) (Gasco et al., 2019a). Although insects lack 

eicosapentaenoic and docosahexaenoic fatty acids (EPA and DHA), which limits their use in marine 

fish feeds, their fatty acid profile reflects their diet and insect substrate enrichment with these fatty 

acids can positively modify the insect fatty acid profile (Liland et al., 2017). Some of the insect 

species are rich in iron, phosphorus, magnesium, calcium, selenium and zinc as well as vitamins A, D 

and B complex (Poshadri et al., 2018; Rumpold and Schlüter, 2014). Recently, the European 

Commission allowed the use of insects in the feeds for aquaculture animals (EU 2017/893), but insect 

meals are not yet a competitive alternative to current protein sources (Koeleman, 2014) due to small 

scale production leading to high prices. The industrial mass production of insects can be the solution 

to the high price and can ensure quality and quantity consistency (Arru et al., 2019). 

The utilization of insects in experimental diets of piglets (Velten et al., 2017; Biasato et al., 

2019), calves (Narang and Roshan, 1985), rabbits (Gasco et al., 2019b), broilers (Dabbou et al., 2018) 

and laying hens (Marono et al., 2018) showed encouraging results. To date, insects are recommended 

as a promising alternative to fish meal in the diets of farmed fish and crustaceans. Inclusion of 25% 

Tenebrio molitor meal in the experimental diets of gilthead sea bream (Sparus aurata) had no adverse 

effects on their growth performance (Piccolo et al., 2017) and even improved the protein digestibility 

in the case of European sea bass (Dicentrarchus labrax) (Gasco et al., 2016). Furthermore, the 

inclusion of Tenebrio molitor meal did not affect growth and slaughter traits of blackspot sea bream 

(Pagellus bogaraveo) (Iaconisi et al., 2017) and rainbow trout (Oncorhynchus mykiss) (Iaconisi et al., 

2018), but it did alter flesh quality and especially the flesh fatty acid profile.  
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To our knowledge, there are no comparative studies assessing the effects of fish meal substitution 

with different insect meals at the same trial. Thus, the objective of the present study was to investigate 

the effects of dietary inclusion of three insect meals derived from Hermetia illucens, Musca domestica 

and Tenebrio molitor larvae on European sea bass (Dicentrarchus labrax) growth performance, feed 

utilization, nutrient retention and metabolism.  

2. Materials and methods  

All experimental procedures were designed and conducted by the Federation of European 

Laboratory Animal Science Associations (FELASA) accredited scientists (functions A-D) according 

to the guidelines stated by the EU Directive 2010/63/EU regarding the protection of animals used for 

scientific purposes. The trial was conducted at the Institute of Marine Biology, Biotechnology and 

Aquaculture (IMBBC) of the Hellenic Centre for Marine Research (Heraklion, Greece) under the 

protocol 255340 issued by ethics committee of the region of Crete, Greece.. 

2.1 Insect meals and diets 

Frozen whole Tenebrio molitor larvae were obtained from the Benaki Phytopathological 

Institute (Athens, Greece), were oven-dried at 40 °C for 24 h and homogenized in a knife mill 

(Grindomix GM200, Retsch GmbH, Haan, Germany). Dried whole Musca domestica larvae were 

purchased from Reptilia nostra (Athens, Greece) and then homogenized to form a fine powder. 

Partially defatted Hermetia illucens larvae meal was acquired from Hermetia Deutschland GmbH & 

Co. KG (Baruth/Mark, Germany) and the rest of the diet ingredients were purchased from local 

suppliers.  

Four diets were formulated: one control diet in which fish meal (FM) was the main protein 

source, and three diets in which 30% of the fish meal was substituted with insect meals from the 

larvae of Tenebrio molitor (TM), Hermetia illucens (HI) or Musca domestica (MD). The insect meal 

inclusion level was 19.5%. A percentage of 65% fish meal was incorporated in the control/fish meal-

based diet, which is comparable to the current inclusion of fish meal in the commercial feeds for sea 

bass fingerlings (5.7 ± 1g). Diets were designed to be isoproteic and isoenergetic (Table I) and, at this 

scope, the amount of some ingredients (namely fish oil, wheat and wheat gluten meal) slightly 

changed among diets. Moreover, according to the different insect meals amino acid profile, DL-

methionine and L-lysine were included in diets to ensure an essential amino acid balance among the 

diets. Diets were prepared at the IMBBC laboratory. The ingredients were mixed thoroughly by hand, 

water was added to the mixture to obtain the preferred consistency, and the mixture was converted 

into pellets using a mincing machine (4 mm die). Finally, the pellets were oven-dried at 40 °C for 24 

h and stored in a freezer at-20 °C until used. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



2.2 Fish and experimental conditions 

Juveniles D. labrax were obtained from the IMBBC hatchery. At the start of the experiment, 

360 fish were lightly anesthetized (phenoxyethanol, 150 ppm), were individually weighted (5.7 ± 

1.05g), and they were randomly distributed into 12 cylindroconical, indoor 250 L tanks equipped with 

a settling column. A photoperiod of 12 h light/12 h dark, a temperature of 19.3 ± 0.2 °C and a salinity 

of 35 psu were maintained throughout the experiment. Open-circulation borehole water with water 

renewal of 200% per hour provided adequate levels of dissolved oxygen, and the oxygen saturation 

was consistently over 80%. Fish were fed by hand, three times a day (until apparent satiation), seven 

days a week, for three months. Apparent satiation was achieved by monitoring fish behavior, 

specifically the feeding would stop when the fish feeding activity would become slower and pellets 

would remain uneaten. Any unconsumed feed trapped in the settling column was removed and dried 

daily to determine feed intake.  

2.3 Growth performance and somatic indexes 

At the end of the feeding trial, fish were starved for 24 h, were lightly anesthetized and their 

individual weight and length were recorded. In addition, five fish per tank were randomly sampled, 

were sacrificed by anesthesia overdose (500ppm of 2-Phenoxyethanol), and blood and liver samples 

were collected. Viscerosomatic index, hepatosomatic index, mesenteric fat index and relative gut 

length were calculated based on five fish per tank. Ten fish at the beginning of the experiment and 

three fish per tank at the end of the experiment were sacrificed by anesthesia overdose and stored at-

20 °C for whole-body proximate composition analysis. The following growth performance and 

somatic indexes were calculated: 

Survival (%) = 100 x final number of fish / initial number of fish 

Weight gain (WG, %) = 100 x [FBW (final body weight, g) – IBW (initial body weight, g))] / IBW 

Specific growth rate (SGR, % day
-1

) = 100 x [(ln FBW - ln IBW) / number of days] 

Daily feed intake (DFI, % body weight day
-1

) = [total dry feed intake (g) x 100] / [(IBW + FBW) x 

0.5] x number of days 

Feed conversion ratio (FCR) = total dry feed / (FBW-IBW) 

Condition factor (CF) = 100 x (body weight (g) / total length
3 

(cm))
 

Hepatosomatic index (HSI) = 100 x (liver weight / body weight) 

Mesenteric fat index (MSI) = 100 x (perivisceral fat weight / body weight) 

Viscerosomatic index (VSI) = 100 x (viscera weight / body weight) 

Relative gut length (RGL) = intestinal length (cm) / fish total length (cm) 

Nutrient retention efficiency or deposition (%)= 100 x [final nutrient quantity in the body (g, wet 

basis) - initial nutrient quantity in the body (g, wet basis)] / nutrient consumed (g, dry basis), where 

nutrient can be dry matter, protein, lipid, energy, ash or amino acids  
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2.4 Proximate and chemical analysis of diets and fish  

Fish for the whole-body analysis were frozen, homogenized (Retsch ZM200, Haan, Germany) 

and freeze-dried (Telstar Cryodos, Terrassa, Spain), while feeds were pulverized (Retsch ZM200). 

Insects, diets and fish were analyzed for dry matter (method 934.01) and ash (method 942.05) 

according to (AOAC, 1990), crude lipids according to (Folch et al., 1957), crude protein according to 

Dumas method [nitrogen content (N) x 6.25] using a nitrogen analyzer (FP-528, Leco corporation, St. 

Joseph, Michigan, USA), crude fiber (CF) and acid detergent fiber (ADF) corrected for ash using 

Fibretherm (C. Gerhardt GmbH & Co., Königswinter, Germany), nitrogen linked to acid detergent 

fiber (ADIN) according to (Goering, Van Soest, 1979), and energy using an adiabatic bomb 

calorimeter (6300, Parr Instrument Company, St. Moline, Illinois, USA). The ash-free acid detergent 

fiber content of the diets represent not only cellulose and lignin from the plant feedstuffs (Goering, 

Van Soest, 1979) but also chitin from the insect inclusion and indigestible nitrogen such as heat-

damaged proteins, proteins attached to cell-walls and proteins attached to chitin (Bernard et al., 1997; 

Finke, 2007; Goering, Van Soest, 1979). The traditional determination of protein, where nitrogen 

content is multiplied by 6.25 (assuming protein is 16% nitrogen), leads to an overestimation of the 

crude protein content of the diets. For this reason, the nitrogen linked to acid detergent fiber (ADIN) 

was calculated and the protein content was adjusted by subtracting the ADIN from the diets nitrogen 

content and then multiplying by 6.25.  

Fatty acid methyl esters (FAMEs) were prepared according to (AOCS, 1989) (Method Ce 1b-

89). The FAMEs were then analyzed using an Agilent GC-7890 B gas chromatograph (Agilent 

Technologies, Santa Clara, CA, USA), equipped with a flame-ionization detector (GC-FID) and a 

DB-23 capillary column (60 m x 0.25 mm i.d. × 0.15 μm film thickness) (Agilent, Santa Clara, CA, 

USA). Helium was used as carrier gas at 2 mL/min constant flow; the split ratio was 1:50 and the 

injected volume 1.0 μL. The thermal gradient was 50 °C for 1 min, 50 °C to 175 °C at 25 °C min
-1

, 

175 °C to 230 °C at 4 °C min
-1

 and kept at 230 °C for 15 minutes. The injector and detector 

temperature were maintained at 250 and 280 °C, respectively. Fatty acids were identified by 

comparison with a known standard mixture (Supelco 37 Component FAMΕ Mix). Fatty acid methyl 

ester contents were expressed as a % of total FAMEs basis. 

The amino acid composition of the diets was analyzed after acid hydrolysis (6 N HCl, 11 °C, 24 

h), and derivatization by AccQ-Tag™ Ultra according to the amino acid analysis application solution 

(Waters Corporation, Milford, MA, U.S.A.). DL-Norvaline (Sigma) 2.5 mM was used as an internal 

standard. UPLC was performed on an Acquity system (Waters Corporation, Milford, MA, U.S.A.) 

equipped with PDA detector and the detection wavelength was set at 260 nm. The column used was 

BEH C18 column (100 mm × 2.1 mm i.d., 1.7 μm) from Waters. The flow rate was 0.7 ml min
-1

 and 

the column temperature was kept at 55 °C. Peak identification and integration were performed by the 

software Empower v.2.0 (Waters Corporation, Milford, MA, U.S.A.) using Amino Acid Standard H 

(Thermo Scientific Pierce) as an external standard. All analyses were performed in duplicate. In cases 
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were the values between replicates didn’t meet the standardized acceptance criteria based on the mean 

and standard deviation (<5%), new duplicate analyses were performed according to established 

procedures. Tryptophan was not quantified due to its susceptibility to acid hydrolysis, whereas 

cysteine reacts with cysteine to form cystine. Moreover, during acid hydrolysis procedure asparagine 

is converted to aspartate and glutamine to glutamate, so the reported values for these amino acids 

(Asx and Glx) represent the sum of both amino acids. 

2.5 Plasma and liver enzyme activities 

Blood samples were drawn by caudal venous puncture with heparinized syringes, stored on 

crushed ice until all samples were collected and centrifuged at 6,000 rpm for 15 min. Plasma was 

removed and stored at-80 °C until analysis. The quantitative determination of plasma metabolites in 

pooled samples (five samples of each tank were pooled) was performed by enzymatic colorimetric 

methods using commercial kits (glucose, cholesterol, triglycerides from BIOSIS Biotechnological 

Applications L.T.D, Greece and phospholipids, and lactate from Spinreact, S.A.U. Spain). Enzymatic 

activities of alanine aminotransferase (ALT, EC 2.6.1.2) and aspartate aminotransferase (AST, EC 

2.6.1.1) were determined kinetically at 340 nm using kits according to the protocols of the 

manufacturer (BIOSIS Biotechnological Applications L.T.D, Greece). 

After removal, livers were stored at-80 °C. Six livers per diet were homogenized individually 

using 10 volumes of ice-cold buffer containing 30 mM Hepes, 0.25 mM saccharose, 50 mM EDTA, 5 

mM K2PO4 and 1 mM DTT (pH 7.2). After centrifugation (1000 rcf at 4 °C for 10 min), the 

supernatant was freeze-thawed three times to break the mitochondrial membranes (Antonopoulou et 

al., 2013) and centrifuged again (6000 rcf at 4 °C for 15 min). The supernatant from the second 

centrifugation was used for the determination of amino acid catabolic enzymes. Liver ALT and AST 

activities were measured using commercial kits as mentioned above. Liver glutamate dehydrogenase 

activity (GDH, EC 1.4.1.2) was assessed adding L-glutamic acid a mixture of 175 mM Tris-HCl, 100 

mM semi-carbazine, 1.1 mM NAD, 1 mM ADP and 5 mM L-leucine (pH 8.5) and following the 

formation of NADH at 340 nm (Encarnação et al., 2004; Gómez-Requeni et al., 2004). Enzyme 

activities were expressed as μmol of substrate reduced/oxidized per min (U) and per mg of protein. 

Bovine serum albumin was used for the determination of protein in the homogenate according to 

(Bradford, 1976).  

2.6 Statistical analysis  

Data were tested for normality and equality of variances with Kolmogorov-Smirnov and 

Levene’s tests, respectively. One-way analysis of variance (ANOVA) was performed to determine if 

significant differences existed between dietary treatments (results were considered statistically 

significant at P<0.05) and individual means were compared using Tukey’s test. Correlational analyses 
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were performed using the Spearman correlation. All statistical analyses were carried out using 

SigmaStat 3.5 (Systat Software, Inc., San Jose, California, USA).  

3. Results  

3.1 Diets 

Experimental diets were formulated to be isonitrogenous and isoenergetic (Table 1) and to 

fulfill adequately the nutritional requirements of sea bass. The inclusion of HI meal and MD meal 

resulted in higher acid detergent fiber content. Due to the chitin and the nitrogen linked to ADF, the 

inclusion of insect meals, in fact, lowered the true protein content of the diets (adjusted protein) by 

4.2% for the TM inclusion, 3.0% for the HI and 4.3% for the MD. In addition, the inclusion of insect 

meals resulted in higher crude fiber, especially in the TM (3.78%) and HI (4.03%) diets.  

The fatty acid composition of the experimental diets was greatly affected by the fatty acid 

profile of different insect meals (Table 2). More specifically, FM and HI diets showed a higher 

content of total n-3 PUFA (22.16 and 21.76% respectively), which was dominated by EPA (20:5 n-3) 

and DHA (22:6 n-3), because of the higher fish oil dietary inclusion. The TM diet exhibited a higher 

content of total n-6 PUFA (13.8%), which was dominated by linoleic acid (18:2 n-6), compared to the 

other three experimental diets (4.63-8.06%), due to the considerable higher content of linoleic acid in 

the TM meal. Finally, the HI diet had a higher content of lauric acid (12:0, 2.64%) compared to the 

other three diets (0.10-0.14%) reflecting the extremely higher lauric acid content in the HI meal. 

The amino acid composition of the different diets was approximately similar, and it was not 

affected by the different insect meal inclusion, except for taurine and hydroxyproline (Table 

3).Taurine and hydroxyproline were not detected in TM and MD meals and were detected in low 

quantity in HI meal. Consequently the insect inclusion diets had lower content of these amino acids 

compared to the FM diet. Lysine and methionine contents of the MD meal were relatively close to 

that of fish meal, while TM and HI meals had more than two-times lower lysine and methionine 

contents compared to fish meal. The supplementation of crystalline lysine and methionine in the diets 

compensated for the dietary deficiency of these two amino acids originated from the inclusion of 

insect meals.  

3.2 Growth, feed conversion and somatic indexes 

At the start of the experimental period, the fish had an average initial weight of 5.7 g, and after 

83 days, the fish had grown to over four-fold of the initial body weight (Table 4). Survival did not 

differ between the different dietary groups and any mortality was marked as random. Daily feed 

intake was not affected by the substitution of fish meal or by the different insect meals (1.47-1.56% 

BW day
-1

). Weight gain and specific growth rate were not influenced by the different diets, although 

the final body weight of the fish fed the HI diet was significantly higher (25.23 ± 1.24 g) in 

comparison to the fish fed the TM diet (21.58 ± 0.71 g). The inclusion of TM meal in the 
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corresponding diet resulted in a significantly higher feed conversion ratio (1.09 ± 0.02) in relation to 

the control FM based-diet (0.99 ± 0.02), and to the diet including MD meal (1.00 ± 0.00) (Table 4). 

Final weight, weight gain and specific growth rate showed a positive correlation only with the 

adjusted protein content (r = 0.691, 0.583 and 0.583, respectively; P < 0.05) and not the crude protein 

of the diets. On the other hand, FCR had a negative correlation both with the crude protein and the 

adjusted protein content (r =-0.864 and -0.626, respectively; p<0.05). Growth performance and feed 

efficiency correlated positively with the n-3/n-6 fatty acid content of the diet and negatively with the 

ratio of oleic acid/(EPA+DHA). 

The hepatosomatic index, viscerosomatic index and the relative gut length had no significant 

difference in fish fed the different experimental diets (Table 4). Interestingly, fish fed the FM diet 

presented the highest condition factor value (1.14 ± 0.01; P < 0.05), while the fish fed the HI diet 

showed 24% higher mesenteric fat index than the FM group (P < 0.05; Table 4). The crude fiber 

content of the diets was positively correlated with the FCR, VSI and MSI (r = 0.648, 0.605 and 0.648, 

respectively; P < 0.05) and the ADF fraction of the diet correlated positively only with VSI and MSI 

(r = 0.691 and 0.648, respectively; P < 0.05).  

3.3 Whole-body proximate and chemical composition  

The partial substitution of FM with TM meal resulted in a significantly lower carcass dry 

matter, crude fat and energy content (31.63 ± 0.47%, 10.04 ± 0.30% and 8.27 ± 0.14 MJ kg
-1

, 

respectively) compared to all the other dietary treatments (Table 5). Diets including FM, HI and MD 

performed similarly (P > 0.05) in terms of whole-body dry matter, crude protein and energy content 

(Table 5). Whole-body crude fat of the FM group was significantly higher (13.65 ± 0.43%) compared 

to the TM and HI groups (10.04 ± 0.30% and 11.91 ± 0.10% respectively). 

The fatty acid content of the diets affected the fatty acid profile of the fish carcasses (Table 6). 

There is a positive correlation of the individual fatty acid content of the feed and the whole-body for 

18 out of 22 fatty acids, and a positive correlation between fish oil inclusion and individual fatty acid 

content for 15 out of 22 fatty acids. Total saturated fatty acids (SFA) did not differ among the groups. 

The higher concentration of n-3 PUFA in the FM and HI diets resulted in significantly higher n-3 

content of the fish whole-body compared to the TM and MD groups. The myristic acid (14:0), erucic 

acid (22:1), EPA (20:5 n-3) and DHA (22:6 n-3) content of the fish body followed the same pattern. 

All the experimental fish increased their n-3 PUFA content from the beginning of the experiment, 

although the increase was more prominent in the FM and HI groups. On the other hand, the n-6 PUFA 

content decreased over time, except for the TM group. The n-6 PUFA content was significantly higher 

in TM group (12.18 ± 0.36%), followed by the MD group (7.57 ± 0.12%), and lastly by the FM and 

HI groups (5.00 ± 0.20% and 5.71 ± 0.29%, respectively), thus reflecting the fatty acid composition of 

the diets. Similarly, total PUFA were also significantly higher in TM group (29.35 ± 0.51%) 

compared to the other dietary groups (22.49-24.92%). The linoleic acid (18:2 n-6) was the dominant 
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fatty acid in TM. As expected, the highest content of lauric acid (12:0) in the HI diet resulted in 

significantly higher lauric acid in the carcasses of fish fed the HI diet (0.98 ± 0.06%) compared to the 

other fish groups (0.05-0.07%). Overall, the substitution of fish meal with HI meal affected slightly 

the fish whole-body’s fatty acid content, while the substitution with TM or MD meals significantly 

affected the content of 14 fatty acids (of the 22 measured here) and reduced the EPA and DHA 

content by 23%.  

The whole-body amino acid profiles (% of crude protein) of the experimental fish groups are 

shown in Table 7. Overall, no dramatic changes were observed between the initial and final amino 

acid profile of the fish bodies. The essential amino acid profile of the whole body was not affected by 

the different protein sources (P > 0.05). Among the non-essential amino acids only Asx, cysteine, Glx, 

taurine and tyrosine were affected by the dietary treatment. The MD group had significantly higher 

cysteine and tyrosine content than the FM group. Regarding cysteine, there was a positive correlation 

between cysteine feed and whole-body content (r = 0.691; P < 0.05), but no correlation with the feed 

methionine. On the contrary, whole-body tyrosine was not correlated with the tyrosine feed content 

but it was positively correlated to feed phenylalanine content (r = 0.928; P < 0.05).  

3.4 Nutrient retention and amino acid deposition 

The nutrient and energy retention of sea bass fed diets with different insect meals are shown in 

Table 8. The protein retention of the TM group was significantly lower (27.55 ± 0.27%) compared to 

the other dietary treatments (29.03-29.46%). Protein retention appeared to be positively correlated 

with the available protein (adjusted protein) content of the diets (r = 0.669; P < 0.05). Dry matter and 

energy retention followed the pattern of whole-body composition with fish fed the TM diet, showing 

the poorest retention compared to the other dietary treatments (P < 0.05). Fish fed the HI and MD diet 

had comparable protein, fat and energy retention as the FM fish (P < 0.05). Additionally, fish fed the 

TM diet had significantly lower protein, fat and energy retention than the FM fish (P < 0.05). Protein, 

fat, dry matter and energy retention correlated negatively with the FCR (r =-0.678, r =-0.944 and r =-

0.944, respectively; P < 0.05).  

The essential amino acid retention and non-essential amino acid deposition (from feeding and 

endogenous production) of sea bass fed diets with different insect meals are shown in Table 9. 

Hydroxyproline and taurine showed the highest deposition among all the amino acids in all 

experimental diets. However, FM diet resulted in the lowest deposition of these amino acids (72.13 

and 53.59%, respectively) compared to the diets which included insect meals (84.22-93.18% and 

64.45-71.58%, respectively). A negative correlation was found between the amino acid content of the 

diet and the amino acid deposition of hydroxyproline and taurine as well as in alanine, proline, and 

tyrosine. In addition, a negative correlation was found between the amino acid content of the diet and 

the respective amino acid retention of the essential amino acids arginine, isoleucine, methionine and 

valine. Among the essential amino acids, the retention of arginine was the highest, while methionine 
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was found to present the lowest retention in all diets (18.06-26.18%). Protein retention and amino acid 

retention correlated positively for the branched-chain amino acids (isoleucine, leucine and valine) and 

histidine. Moreover, the protein retention and amino acid deposition correlated positively for proline 

and the sum of glutamine and glutamate.  

3.5 Plasma metabolites and liver enzyme activities 

Plasma aspartate aminotransferase (AST) and alanine aminotransferase (ALT) activities were 

not significantly affected by the  dietary treatments (Table 10). The highest values were observed in 

fish fed the FM diet followed by MD, HI and TM diets. Plasma phospholipids did not vary 

significantly  among the dietary treatments either. Sea bass fed with TM diet showed the lowest 

plasma glucose levels (120.01 ± 4.97 mg dl
-1

) compared to the other groups (165.84-200.03 mg dl
-1

). 

A significantly higher plasma cholesterol level was detected in fish fed the FM and HI diets (237.75 ± 

8.86 mg dl
-1

 and 229.80 ± 16.91 mg dl
-1

,
 
respectively), while similar plasma lactate and triglycerides 

levels were found between the FM group and the insect meal groups.  

Liver alanine and aspartate aminotransferase activities did not vary significantly among the 

experimental groups (Table 11). The glutamate dehydrogenase activity of the HI group was found to 

be significantly higher than that of the MD group (0.09 and 0.05 μmoles mg protein
-1

 min
-1

 

respectively).  

4. Discussion  

4.1 Growth 

In the present study, the results of 30% substitution of fish meal (FM) by insect meals derived 

from Tenebrio molitor (ΤΜ), Hermetia illucens (HI) or Musca domestica (MD) in the diets of 

European sea bass were evaluated. The daily feed intake was similar in all the fish groups indicating 

that all diets were palatable, well accepted and were in line with common knowledge about the 

nutrient requirements of sea bass (Wilson, 2003). The substitution of fish meal with insect meals had 

no adverse effects on growth performance, except the TM diet which resulted in a slightly higher feed 

conversion ratio. When 50% of FM was substituted by TM in the diets of Nile tilapia (Oreochromis 

niloticus; 31% initial FM inclusion), reduced feed efficiency and poor growth performance were 

observed (Sánchez‐ Muros et al., 2016). Gasco et al. (2016) reported no negative effects of 36% FM 

substitution by TM on growth performance and feed efficiency in European sea bass juveniles (70% 

FM inclusion in the control diet). On the contrary, 33% and 50% FM substitution with TM in the diets 

of gilthead sea bream (50% initial FM inclusion) (Piccolo et al., 2017) and in rainbow trout (75% 

initial FM inclusion) (Belforti et al., 2015), respectively, resulted in improved SGR and FCR. The 

presence of chitin in the insect exoskeleton has been both praised and accused of its effect on growth 

performance. Chitin is poorly digested by several fish species (Rust, 2002) and has been shown to 

reduce lipid absorption (Zacour et al., 1992) and fat digestibility (Kroeckel et al., 2012), thus resulting 
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in reduced growth (Adeniyi and Folorunsho, 2015). On the other hand, apart from its antioxidant 

(Kaya et al., 2015) and immunostimulatory effect (Henry et al., 2018), chitin has been found to 

increase the abundance of members of the genus Bifidobacterium in human gut (Stull et al., 2018), 

thus acting as a prebiotic to promote digestibility and growth (Munir et al., 2016).  

In our study, the difference of FCR among the experimental groups is negligible (coefficient 

of variation 4%) and even though statistically significant difference was detected, the biological 

significance of this difference is not clear. The slightly higher FCR in the TM group could be possibly 

attributed to: (1) considerably lower adjusted protein content, (2) higher crude fiber content, (3) 

essential fatty acid deficiency, (4) essential amino acid deficiency, or (5) toxic compounds present in 

the TM larvae. Under the present experimental conditions, the crude protein and adjusted protein 

content of the diets did not show any correlation with the FCR; however, the higher fiber content of 

the TM diet, could play a role in the slightly higher FCR observed, as the positive correlation showed. 

In addition, the ratio oleic acid (18:1 n-9)/(EPA+DHA)
 
is an indicator of essential fatty acid 

deficiency in the diets of marine fish (Montero et al., 2001) and in the TM diet; this ratio was 

increased due to the lower inclusion of fish oil in the diet. The content of the essential amino acids in 

all the experimental diets were in line with the common knowledge about the amino acid requirements 

of sea bass (Wilson, 2003; Tibaldi et al., 1994). Finally, TM larvae have been described to contain 

defensive toxic compounds (Attygalle et al., 1991) that could possibly negatively affect feed 

conversion.  

Our results indicated that the 30% substitution of FM with HI had no negative effect on fish 

growth and feed conversion and is in line with the results reported by Magalhães et al., (2017) on 

European sea bass. These authors substituted FM up to 45% with HI larvae meal, although they used 

larger fish (50 g initial weight) and lower initial FM content (32.4%). Moreover, it has also been 

found that HI diets performed as well as fish meal diets in Atlantic salmon (Salmo salar) at 60% 

inclusion (Belghit et al., 2018), in rainbow trout with up to 50% FM substitution (Mancini et al., 

2017) and in Nile tilapia with up to 50% substitution (Rana et al., 2015).  

This is the first study reporting the effect of FM substitution with MD in European sea bass, 

indicating that no negative effects were observed on growth and feed conversion. Successful FM 

substitution with MD was achieved in barramundi (Lates calcalifer; up to 76%) (Lin and Mui, 2017), 

in African catfish (Clarias gariepinus; up to 100%) (Idowu and Afolayan, 2013; Olaniyi and Salau, 

2013; Oyelese, 2007) and in Nile tilapia (up to 75%) (Ogunji et al., 2007). The literature review 

reveals that omnivore fish are generally more tolerant to the inclusion of insect meals in their diets, 

and in higher percentages, probably because insects constitute a part of their natural diet.  

The condition factor of all the fish groups was higher than 1.0, indicating that all the diets 

were well utilized (Sogbesan and Ugwumba, 2008), although the FM group exhibited higher 

condition factor compared to the insect meal including diets. The type of feed and consequently the 

digestibility of the feed can affect the relative gut length. Fish fed digestion resistant ingredients such 
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as lignin or chitin, appear to have a higher relative gut length as a mechanism to increase nutrient 

absorption (Karachle and Stergiou, 2010; Odedeyi et al., 2014). In our study, the relative gut length 

was similar in all the groups and did not correlate with the insect meal inclusion, crude fiber or acid 

detergent fiber content of the diets. Piccolo et al., (2017) reported that 50% inclusion of TM resulted 

in significant higher relative gut length in gilthead sea bream (Sparus aurata) and in impaired nutrient 

digestibility. Our results indicated no differences in the hepatosomatic and viscerosomatic index. The 

HSI values were close to two, which is correlated with high liver fat deposition (Kaushik et al., 2004). 

The fish fed the HI diet had significantly higher mesenteric fat index than the FM group which could 

be attributed to the prominently higher fiber content of the HI diet as the positive correlation showed.  

4.2 Whole-body proximate composition and retention 

Whole-body proximate composition of the TM group differed significantly compared to the 

FM group. The TM inclusion in the diet of European sea bass affected the dry matter and fat content 

in proportion and therefore moisture and fat content in inverse proportion, while the protein content 

was similar. In contrast to our results, Gasco et al. (2016) reported no differences between the 

proximate composition of European sea bass fed FM and TM (36% FM substitution) using similar 

feed formulation (70% initial FM inclusion) and fish size (5.2 g). In mandarin fish (Siniperca 

scherzeri) and rockfish (Sebastes schlegi), the inclusion of TM in the diets had no effect on carcass 

composition but improved protein productive values (Khosravi et al., 2018; Sankian et al., 2018). Our 

results showed that diets including FM, HI and MD resulted in similar whole-body compositions, 

except for the fat content of the HI-fed fish which was lower than the FM fish (11.91 ± 0.10 and 13.65 

± 0.43 respectively). Nutrient retentions were not affected by the replacement of FM with HI and MD. 

Similarly, MD or defatted MD meal inclusion in the diets of African catfish (Fasakin et al., 2003; 

Idowu and Afolayan, 2013) and barramundi (Lin and Mui, 2017), and HI inclusion in the diets of 

Atlantic salmon (Belghit et al., 2018) and Jian carp (Cyprinus carpio var. Jian) (Li et al., 2016) had 

no effects on the whole-body composition. In the present experimental conditions, the protein 

retention was satisfactory and ranged from 27.6 - 29.5%; but it has been shown that in European sea 

bass juveniles, a dietary taurine concentration of 1.13% can increase the protein retention up to 31% 

(Saleh et al., 2019). Martins et al. (2018), based on a dose-response model, suggested a dietary taurine 

requirement of 0.47 - 0.50% in European sea bass juveniles and in the present study, the taurine 

content in the insect inclusion diets appears limiting (0.44 – 0.46%); therefore a taurine 

supplementation of insect inclusion diets should be considered. Carcass fatty acid composition was 

greatly affected by the different insect meal inclusion, because of the insect larvae fat content which 

affected fish oil inclusion in the diets, and thus dietary fatty acid composition. The total SFA content 

was not affected by insect meal inclusion as was previously mentioned in studies using full-fat TM in 

European sea bass (Gasco et al., 2016) and rainbow trout (Iaconisi et al., 2018). However, when 

defatted HI meal was added in the diets of rainbow trout, the total SFA content of the fillet increased 
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with the increase of the insect inclusion, due to the extremely higher amount of lauric acid (12:0) in 

the HI larvae (Mancini et al., 2017). The higher concentration of n-3 PUFA in the FM and HI diets 

resulted in a significantly higher n-3 PUFA content in the fish bodies in the FM and HI groups. Total 

body n-6 PUFA content increased with the inclusion of full-fat TM and MD. A similar trend was 

observed when full-fat TM was added in the diets of Nile tilapia (Sánchez‐ Muros et al., 2016) and 

blackspot sea bream (Pagellus bogaraveo) (Iaconisi et al., 2017) with an increase in total n-6 PUFA 

as the insect meal inclusion increased. However, total n-6 PUFA content was not affected by the 

inclusion of defatted HI meal, as was previously found when defatted HI meal was added in the diet 

of rainbow trout (Mancini et al., 2017). Long chain PUFA are essential for the fish metabolism and 

cell membrane structure as, among other things, they are precursors of eicosanoids and membrane 

phospholipid and triglyceride components (Tocher, 2015). Despite the dietary fatty acid differences, 

the fish meal and fish oil contents in the diets were high enough to fulfill the EPA and DHA 

requirements of sea bass as described by Skalli and Robin (2004). In addition, all experimental diets 

resulted in a whole-body n-6/n-3 ratio (0.27-0.72) below the suggested limit for healthy human 

nutrition (1-2:1) (Simopoulos, 2011). Such great differences in the fatty acid composition might affect 

organoleptic characteristics of the fish flesh, e.g. aroma and flavor (Turchini et al., 2004; Borgogno et 

al., 2017; Gasco et al., 2019a), and might not be desirable from a consumer’s perspective. Several 

practices have been suggested to tackle this problem, for example, the use of defatted insect meals and 

the improvement of defatting technics (Iaconisi et al., 2018), the use of n-3 rich ingredients in the 

diets for farmed insects (Liland et al., 2017) and the use of a n-3 rich finishing diet at the end of the 

farming period (Bell et al., 2003). All the experimental fish maintained or increased their n-3 PUFA 

content from the beginning of the experiment, especially EPA and DHA since their fatty acid 

requirements were met. It has been shown that EPA and DHA are “preferentially retained” in the 

fillet, probably due to the importance of these fatty acids to the organism (Tocher, 2015). European 

sea bass show very low levels of elongation and desaturation of C18 fatty acids to EPA and DHA 

(Mourente et al., 2005) and even though fish oil substitution induces those metabolic pathways 

(González-Rovira et al., 2009), the endogenous production of EPA and DHA is unlikely to contribute 

significantly to the whole-body levels (Bell et al., 2003). 

The essential amino acid and five out of the ten non-essential amino acid contents of the fish 

whole-body were not affected by the different diets. In contrast with the fatty acid profile, the amino 

acid composition of fish whole-body shows a minor response to the diet composition (Sánchez‐

Muros et al., 2016), possibly to due to the lower muscle protein synthesis rates in fish (Kaushik and 

Seiliez, 2010). In this study, almost all essential amino acids retentions and non-essential amino acid 

depositions, except for threonine, the sum of asparagine and aspartate and serine, differed among the 

experimental groups. Regarding proline, methionine, taurine and hydroxyproline, the observed 

differences can be attributed to the considerable differences in the content of these amino acids in the 

diets, as the negative correlation showed. The differences observed in the different amino acid 
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retentions/depositions are attributed to their structural or metabolic role. Lysine, arginine and the 

branched-chain amino acids (leucine, isoleucine and valine) are major constituents of body protein, 

especially skeletal muscles (Li et al., 2009; NRC, 2011), hence they represent a large portion of the 

whole-body amino acids and they are preferentially retained. Likewise, proline and glycine represent 

more than 50% of the amino acids forming collagen (Li et al., 2011). Sulfur amino acids (methionine 

and cysteine) and histidine are less deposited in the body because of their metabolic roles with 

methionine being a major methyl donor and histidine involved in the imidazole and purine synthesis 

(Andersen et al., 2016). Among the essential amino acids, arginine retention was the highest. The 

experimental diets provided adequate amounts of essential amino acids compared to the known 

knowledge of the amino acid requirements of European sea bass for all essential amino acids except 

for the content of which was arginine, thus the retention of arginine was the highest. Methionine 

retention was the lowest, as seen also for the whole-body composition, but this can be an effect of the 

high metabolic utilization of methionine or of the methionine dietary inclusion far exceeding the 

nutrient requirements of sea bass (Tulli et., 2010).  

4.3 Plasma metabolites and liver enzyme activities 

Serum metabolite analyses are not widely used because of the lack of standard values but they 

are a very useful tool for estimating the nutritional status and welfare of farmed fish. Plasma glucose 

and lactate levels are associated with stress response (Roque et al., 2010). In this study, the highest 

levels of plasma glucose were observed in fish fed the MD diet, followed by FM and HI and lastly 

TM. Despite the differences, all values are inside the range measured for wild European sea bass 

(Coz-Rakovac et al., 2005), and the observed values for well nourished farmed European sea bass 

(Peres et al., 2014). Plasma lactate did not differ between the dietary treatments. High levels of 

energetic metabolites such as cholesterol and triglycerides can be indicators of liver pathology and 

high-fat diet (Coz-Rakovac et al., 2005). Cholesterol was significantly lower in the TM and MD diets 

compared to FM and HI and triglycerides were not affected by insect meal inclusion. Plasma 

cholesterol in fish can be decreased by higher dietary plant inclusion because of the phytosterols 

(Kaushik et al., 2004), by dietary chitin inclusion due to the inhibition of fatty acid absorption (Chen 

et al., 2014) or by dietary taurine supplementation due to the role of taurine in bile salt formation 

(Gómez-Requeni et al., 2004). In our experimental conditions, plasma cholesterol indeed showed a 

negative correlation with the plant and chitin inclusion, but the dietary differences were minor to 

cause hypocholesterolemia.  

The lowering effect of EPA and DHA on cholesterol is well established in mammals (Connor, 

2000; Phillipson et al., 1985). However, in fish, this effect is not clear (Castro et al., 2015) and in our 

study increased cholesterol was observed in fish fed high fish oil inclusion diets. It has been found 

that dietary cholesterol is directly related to plasma cholesterol (Kaushik et al., 1995), and the 

increased cholesterol level in higher fish oil-fed fish may be due to the higher intake of dietary 
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cholesterol as fish oil contains 766 mg 100 g 
-1

 (USDA, 2019) When fish meal was replaced with 

insect meals, it reduced the blood cholesterol levels in Jian carp, European sea bass and mandarin fish 

(Siniperca scherzeri) (Li et al., 2017; Magalhães et al., 2017; Sankian et al., 2018), and the authors 

suggested the presence of chitin as the main reason.  

Plasma enzymes (AST and ALT) activities can be affected by the nutritional, stress and 

general health status of the fish (Peres et al., 2014) and an increase in plasma enzymes can be an 

indicator of liver, primarily, but also kidneys’ and gills’ function impairment (Coz-Rakovac et al., 

2005). In our study, the AST and ALT levels were not affected by the different dietary treatments and 

were inside the range previously reported for European sea bass (Coz-Rakovac et al., 2005; Peres et 

al., 2014; Roncarati et al., 2006). In mammals, dietary n-3 PUFA supplementation can reduce liver 

inflammation and fibrosis and can act as an hepatoprotectant by reducing the levels of pro-

inflammatory cytokines (e.g. the tumor necrosis factor alpha – TNFα; Yang et al., 2019). A hepatic 

enzyme activity lowering effect of dietary PUFA was shown also in fish (Lanari et al., 1998 from 

Roncarati et al., 2006). In the present study a 17% increase in total dietary PUFA when fish meal was 

replaced with TM, resulted in 62% lower ALT and 22% lower AST in fish fed TM, although the 

decrease was not significant. No difference in AST and ALT was observed with the substitution of 

FM with HI in Jian carp (Li et al., 2017; Zhou et al., 2018), or with TM in mandarin fish (Sankian et 

al., 2018).  

Liver amino acid catabolizing enzymes activities (ALT, AST and GDH) were not affected by 

the FM replacement with insect meals. Dietary amino acids can be accumulated to protein and the 

excess can be  catabolized to ammonia and to intermediate molecules that can be used, amongst 

others, for lipogenesis or for energy production by entering Krebs or gluconeogenesis cycles (Fynn-

Aikins et al., 1995; Ballantyne, 2001). Consequently, the amino acid catabolism increases with higher 

dietary protein inclusion. In addition, dietary fat is the dominant nutrient used for energy production 

in fish (Wilson and Halver, 1986) and a high fat diet has a sparing effect on amino acids used for 

energy production or lipogenesis (Ballantyne, 2001). Under the present conditions, all the 

experimental diets were isonitrogenous and provided an abundance of dietay fat leading to similar 

catabolic processes between the different dietary groups. A significantly higher GDH activity was 

observed in the HI group compared to the MD group, but without any other difference in the other 

amino acid catabolizing enzymes or in protein retention efficiency, the biological significance of this 

difference is unclear.  

 

Conclusion 

Under the present experimental conditions, all three insect meal diets performed equally well 

as the fish meal diet in terms of growth performance, however, a minor increase in feed conversion 

ratio was observed when the fish meal was substituted with TM. Whole-body composition and 

nutrient retention were not greatly affected by the inclusion of HI or MD. However, the slightly lower 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



feed efficiency and lower protein content of the TM diet resulted in a reduction in nutrient 

efficiencies, despite the higher whole-body protein content compared to the other three diets. The 

fatty acid composition was greatly affected by the different insect inclusion, following the fatty acid 

pattern of the diets. Highest n-3 fatty acid content was observed in the fish fed FM and HI, and 

highest n-6 fatty acid content in the fish fed TM and MD. The amino acid content was not affected by 

the different diets and the retention of most of the dietary amino acids, exhibited minor variations 

between the dietary treatments. Overall, fish meal can be successfully substituted by Tenebrio 

molitor, Hermetia illucens and Musca domestica meals in 30% in the diets of European sea bass 

Though, practices for the restoration of the fish n-3 fatty acid content should be implemented. 

 

Funding: This research is co-financed by Greece and the European Union by ENTOMO4FISH: Insect 

meal as an alternative source of protein in the aquafeed for fish farming; National Strategic Reference 

Framework 2014 – 2020 (GR & EU) and by Greece and the European Union (European Social Fund- 

ESF) through the Operational Programme «Human Resources Development, Education and Lifelong 

Learning» in the context of the project “Strengthening Human Resources Research Potential via 

Doctorate Research” (MIS-5000432), implemented by the State Scholarships Foundation (ΙΚΥ) to 

Maria Mastoraki. Moreover, it has partially received funding from the European Union's Horizon 

2020 research and innovation programme under grant agreement No. 652831 (AQUAEXCEL2020, 

AQUAculture infrastructures for EXCELlence in European fish research towards 2020) to Laura 

Gasco. This output reflects the views only of the author(s), and the European Union cannot be held 

responsible for any use which may be made of the information contained therein. 

 

Acknowledgments: Authors thank all the people working at this project. 

 

Conflicts of Interest: The authors declare no conflict of interest. 

 

Author statement: 

The authors here declare their individual contributions: 

Maria Mastoraki: Investigation, Formal analysis, Writing - original draft. Paula Molla Ferrándiz: 

Investigation. Sofia C. Vardali: Investigation, Formal analysis. Demetrius C. Kontodimas : 

Resources, Writing - review & editing. Yannis P. Kotzamanis : Investigation, Formal analysis, 

Writing - review & editing. Laura Gasco: Funding Acquisition, Resources, Writing - review & 

editing. Stavros Chatzifotis : Conceptualization, Writing - review & editing. Efthimia 

Antonopoulou: Conceptualization, Funding Acquisition, Writing - review & editing. 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



5. References 

Adeniyi, O.V., Folorunsho, C.Y., 2015. Performance of Clarias gariepinus (Burchell, 1822) fed dietary 

levels of Black soldier fly, Hermetia illucens (Linnaeus, 1758) prepupae meal as a protein 

supplement. Int. J. Fish. Aquac. 5, 89-93. 

Andersen, S.M., Waagbø, R., Espe, M., 2016. Functional amino acids in fish health and welfare. Front. 

Biosci. (Elite Ed.). 8, 143-169. doi: 10.1007/s00726-013-1500-6. 

Antonopoulou, E., Kentepozidou, E., Feidantsis, K., Roufidou, C., Despoti, S., Chatzifotis, S., 2013. 

Starvation and re-feeding affect Hsp expression, MAPK activation and antioxidant enzymes activity 

of European Sea Bass (Dicentrarchus labrax). Comp. Biochem. Physiol. A. 165, 79-88. doi: 

10.1016/j.cbpa.2013.02.019. 

AOAC, 1990. Official Methods of Analysis, 15th ed. Association of Official Analytical Chemists Inc, 

Virginia. 

AOCS, 1989. Official Methods and Recommended Practices of the American Oil Chemists’ Society, 4th 

ed. American Oil Chemists’ Society, Illinois. 

Arru, B., Furesi, R., Gasco, L., Madau, F., Pulina, P., 2018. The Introduction of Insect Meal into Fish 

Diet: 

The First Economic Analysis on European Sea Bass Farming. Sustainability, 11, 1697. 

doi:10.3390/su11061697. 

Attygalle, A.B., Blankespoor, C.L., Meinwald, J., Eisner, T., 1991. Defensive secretion of Tenebrio 

molitor (Coleoptera: Tenebrionidae). J. Chem. Ecol. 17, 805-809. doi: 10.1007/BF00994202. 

Ballantyne, J., 2001. Amino acid metabolism. in: Wright, P., Anderson, P. (Eds.), Fish Physiology: 

Nitrogen Excretion. Academic Press, pp. 77-107. 

Barroso, F.G., de Haro, C., Sánchez-Muros, M.-J., Venegas, E., Martínez-Sánchez, A., Pérez-Bañón, C., 

2014. The potential of various insect species for use as food for fish. Aquaculture. 422, 193-201. doi: 

10.1016/j.aquaculture.2013.12.024. 

Belforti, M., Gai, F., Lussiana, C., Renna, M., Malfatto, V., Rotolo, L., De Marco, M., Dabbou, S., 

Schiavone, A., Zoccarato, I., 2015. Tenebrio molitor meal in rainbow trout (Oncorhynchus mykiss) 

diets: effects on animal performance, nutrient digestibility and chemical composition of fillets. Ital. J. 

Anim. Sci. 14, 669-676. doi: 10.4081/ijas.2015.4170. 

Belghit, I., Liland, N.S., Waagbø, R., Biancarosa, I., Pelusio, N., Li, Y., Krogdahl, Å., Lock, E.-J., 2018. 

Potential of insect-based diets for Atlantic salmon (Salmo salar). Aquaculture. 491, 72-81. doi: 

10.1016/j.aquaculture.2018.03.016. 

Belghit, I., Lock, E.-J., Fumière, O., Lecrenier, M-C., Renards, P., Dieu, M., Berntssen, M.H.G., 

Palmblad, M., Rasinger, J., 2019. Species-specific discrimination of insect meals for aquafeeds by 

direct comparison of tandem mass spectra. Animals, 7;9(5), 222. doi: 10.3390/ani9050222. 

Bell, J.G., McGhee, F., Campbell, P.J., Sargent, J.R., 2003. Rapeseed oil as an alternative to marine fish 

oil in diets of post-smolt Atlantic salmon (Salmo salar): changes in flesh fatty acid composition and 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



effectiveness of subsequent fish oil “wash out”. Aquaculture. 218, 515-528. doi: 10.1016/S0044-

8486(02)00462-3. 

Bernard, J.B., Allen, M.E., Ullrey, D.E., 1997. Feeding captive insectivorous animals: Nutritional aspects 

of insects as food. in: Scientific Advisory Group to the American Zoo and Aquarium Association 

(Ed.), Nutrition Advisory Group Handbook, Fact Sheet, pp. 1-7. 

Biasato, I., Renna, M., Gai, G., Dabbou, S., Meneguz, M., Perona, G., Martinez, S., Barroeta Lajusticia, 

A.C., Bergagna, S., Sardi, L., Capucchio, M.T., Bressan, E., Dama, A., Schiavone, A., Gasco, L., 

2019. Partially defatted black soldier fly larva meal inclusion in piglet diets: effects on the growth 

performance, nutrient digestibility, blood profile, gut morphology and histological features. J Anim 

Sci Biotechnol. 2019; 10: 12. doi: 10.1186/s40104-019-0325-x. 

Borgogno, M., Dinnella, C., Iaconisi, V., Fusi, R., Scarpaleggia, C., Schiavone, A., Monteleone, E., 

Gasco, L., Parisi, G., 2017. Inclusion of Hermetia illucens larvae meal on rainbow trout 

(Oncorhynchus mykiss) feed: effect on sensory profile according to static and dynamic evaluations. J 

Sci Food Agric. 97:3402–3411. doi: 10.1002/jsfa.8191. 

Bradford, M.M., 1976. A rapid and sensitive method for the quantitation of microgram quantities of 

protein utilizing the principle of protein-dye binding. Anal. Biochem. 72, 248-254. doi: 10.1016/0003-

2697(76)90527-3. 

Castro, C., Corraze, G., Pérez-Jiménez, A., Larroquet, L., Cluzeaud, M., Panserat, S., Oliva-Teles, A., 

2015. Dietary carbohydrate and lipid source affect cholesterol metabolism of European sea bass 

(Dicentrarchus labrax) juveniles. Br. J. Nutr. 114, 1143-1156. doi: 10.1017/S0007114515002731. 

Chen, Y., Zhu, X., Yang, Y., Han, D., Jin, J., Xie, S., 2014. Effect of dietary chitosan on growth 

performance, haematology, immune response, intestine morphology, intestine microbiota and disease 

resistance in gibel carp (Carassius auratus gibelio). Aquac. Nutr. 20, 532-546. doi: 

10.1111/anu.12106. 

Connor, W.E., 2000. Importance of n− 3 fatty acids in health and disease. Am. J. Clin Nutr. 71, 171S-

175S. doi: 10.1093/ajcn/71.1.171S. 

Coz-Rakovac, R., Strunjak-Perovic, I., Hacmanjek, M., Lipej, Z., Sostaric, B., 2005. Blood chemistry 

and histological properties of wild and cultured sea bass (Dicentrarchus labrax) in the North Adriatic 

Sea. Vet. Res. Commun. 29, 677-687. doi: 10.1007/s11259-005-3684-z. 

Dabbou, S., Gai, F., Biasato, I.,, Capucchio, M.T., Biasibetti, E., Dezzutto, D., Meneguz, M., Plachà, I., 

Gasco, L., Schiavone, A., 2018. Black soldier fly defatted meal as a dietary protein source for broiler 

chickens: Effects on growth performance, blood traits, gut morphology and histological features. J 

Anim Sci Biotechnol. 9, 49. doi: 10.1186/s40104-018-0266-9. 

Encarnação, P., de Lange, C., Rodehutscord, M., Hoehler, D., Bureau, W., Bureau, D.P., 2004. Diet 

digestible energy content affects lysine utilization, but not dietary lysine requirements of rainbow 

trout (Oncorhynchus mykiss) for maximum growth. Aquaculture. 235, 569-586. doi: 

10.1016/j.aquaculture.2004.01.001. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Fasakin, E.A., Balogun, A.M., Ajayi, O.O., 2003. Evaluation of full‐ fat and defatted maggot meals in 

the feeding of clariid catfish Clarias gariepinus fingerlings. Aquac. Res. 34, 733-738. doi: 

10.1046/j.1365-2109.2003.00876.x. 

Finke, M.D., 2007. Estimate of chitin in raw whole insects. Zoo Biol. 26, 105-115. doi: 

10.1002/zoo.20123. 

Folch, J., Lees, M., Sloane Stanley, G.H., 1957. A simple method for the isolation and purification of 

total lipids from animal tissues. J. Biol. Chem. 226, 497-509. 

Fynn-Aikins, K., Hughes, S.G., Vandenberg, G.W., 1995. Protein retention and liver aminotransferase 

activities in Atlantic salmon fed diets containing different energy sources. Comparative Biochemistry 

and Physiology Part A: Molecular & Integrative Physiology. 111, 163-170.10.1016/0300-

9629(95)98533-M 

Gasco, L., Henry, M., Piccolo, G., Marono, S., Gai, F., Renna, M., Lussiana, C., Antonopoulou, E., 

Mola, P., Chatzifotis, S., 2016. Tenebrio molitor meal in diets for European sea bass (Dicentrarchus 

labrax L.) juveniles: Growth performance, whole body composition and in vivo apparent digestibility. 

Anim. Feed Sci. Technol. 220, 34-45. doi: 10.1016/j.anifeedsci.2016.07.003. 

Gasco, L.; Biasato, I.; Dabbou, S.; Schiavone, A.; Gai, F. 2019a. Animals Fed Insect-Based Diets: State-

of-the-Art on Digestibility, Performance and Product Quality. Animals 2019, 9, 170. doi: 

10.3390/ani9040170. 

Gasco, L., Dabbou, S., Trocino, A., Xiccato, G., Capucchio, M.T., Biasato, I., Dezzutto, D., Birolo, M., 

Meneguz, M., Schiavone, A., 2019b. Effect of dietary supplementation with insect fats on growth 

performance, digestive efficiency and health of rabbits. J. Anim. Sci. Biotechno. 10, 1-9. doi: 

10.1186/s40104-018-0309-2. 

Goering, H., K., Van Soest, P., J., 1979. Forage fiber analysis (Apparatus, Reagents, Procedures, and 

Some Applications). in: Handbook United States Department of Agriculture. Agricultural Research 

Service, Agriculture Handbook No. 379, Washington, D.C. 

Gómez-Requeni, P., Mingarro, M., Calduch-Giner, J., Médale, F., Martin, S., Houlihan, D., Kaushik, S., 

Pérez-Sánchez, J., 2004. Protein growth performance, amino acid utilisation and somatotropic axis 

responsiveness to fish meal replacement by plant protein sources in gilthead sea bream (Sparus 

aurata). Aquaculture. 232, 493-510. doi: 10.1016/S0044-8486(03)00532-5. 

González-Rovira, A., Mourente, G., Zheng, X., Tocher, D.R., Pendón, C., 2009. Molecular and 

functional characterization and expression analysis of a Δ6 fatty acyl desaturase cDNA of European 

sea bass (Dicentrarchus labrax L.). Aquaculture. 298, 90-100. doi: 10.1016/j.aquaculture.2009.doi: 

10.012. 

Henry, M., Gasco, L., Chatzifotis, S., Piccolo, G., 2018. Does dietary insect meal affect the fish immune 

system? The case of mealworm, Tenebrio molitor on European sea bass, Dicentrarchus labrax. Dev. 

Comp. Immunol. 81, 204-209. doi: 10.1016/j.dci.2017.12.002. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Iaconisi, V., Bonelli, A., Pupino, R., Gai, F., Parisi, G., 2018. Mealworm as dietary protein source for 

rainbow trout: Body and fillet quality traits. Aquaculture. 484, 197-204. doi: 

10.1016/j.aquaculture.2017.11.034. 

Iaconisi, V., Marono, S., Parisi, G., Gasco, L., Genovese, L., Maricchiolo, G., Bovera, F., Piccolo, G., 

2017. Dietary inclusion of Tenebrio molitor larvae meal: Effects on growth performance and final 

quality treats of blackspot sea bream (Pagellus bogaraveo). Aquaculture. 476, 49-58. doi: 

10.1016/j.aquaculture.2017.04.007. 

Idowu, E.O., Afolayan, E.B., 2013. The Effects of Supplementing of Fish Meal With Maggots At 

Varying Levels in the Diet Of Clarias gariepinus. Inter. Arch. Appl. Sci. Technol. 4, 41-47. 

Karachle, P.K., Stergiou, K.I., 20doi: 10. Gut length for several marine fish: relationships with body 

length and trophic implications. Mar. Biodivers. Rec.. 3, 1-10. doi: 10.1017/S1755267210000904. 

Kaushik, S., Coves, D., Dutto, G., Blanc, D., 2004. Almost total replacement of fish meal by plant 

protein sources in the diet of a marine teleost, the European seabass, Dicentrarchus labrax. 

Aquaculture. 230, 391-404. doi: 10.1016/S0044-8486(03)00422-8. 

Kaushik, S., Cravedi, J., Lalles, J., Sumpter, J., Fauconneau, B., Laroche, M., 1995. Partial or total 

replacement of fish meal by soybean protein on growth, protein utilization, potential estrogenic or 

antigenic effects, cholesterolemia and flesh quality in rainbow trout, Oncorhynchus mykiss. 

Aquaculture. 133, 257-274. doi: 10.1016/0044-8486(94)00403-B. 

Kaushik, S.J., Seiliez, I., 2010. Protein and amino acid nutrition and metabolism in fish: current 

knowledge and future needs. Aquac. Res. 41, 322-332. doi: 10.1111/j.1365-2109.2009.02174.x. 

Kaya, M., Baran, T., Asan-Ozusaglam, M., Cakmak, Y.S., Tozak, K.O., Mol, A., Mentes, A., Sezen, G., 

2015. Extraction and characterization of chitin and chitosan with antimicrobial and antioxidant 

activities from cosmopolitan Orthoptera species (Insecta). Biotechnol. Bioproc. E. 20, 168-179. doi: 

10.1007/s12257-014-0391-z. 

Khosravi, S., Kim, E., Lee, Y.S., Lee, S.M., 2018. Dietary inclusion of mealworm (Tenebrio molitor) 

meal as an alternative protein source in practical diets for juvenile rockfish (Sebastes schlegeli). 

Entomol. Res. 48, 214-221. doi: 10.1111/1748-5967.12306. 

Koeleman, E., 2014. Insects crawling their way into feed regulation. All About Feed. 22, 18-21. 

Kroeckel, S., Harjes, A.-G., Roth, I., Katz, H., Wuertz, S., Susenbeth, A., Schulz, C., 2012. When a 

turbot catches a fly: Evaluation of a pre-pupae meal of the Black Soldier Fly (Hermetia illucens) as 

fish meal substitute—Growth performance and chitin degradation in juvenile turbot (Psetta maxima). 

Aquaculture. 364, 345-352. doi: 10.1016/j.aquaculture.2012.08.041. 

Lanari, D., D’Agaro, E., Ballestrazzi, R., 1998. Impiego di fonti alternative di proteine vegetali 

nell’alimentazione della spigola. Biol. Mar. Mediterr. 5, 2044-2053. 

Li, P., Mai, K., Trushenski, J., Wu, G., 2009. New developments in fish amino acid nutrition: Towards 

functional and environmentally oriented aquafeeds. Amino Acids. 37, 43-53. doi: 10.1007/s00726-

008-0171-1. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Li, S., Ji, H., Zhang, B., Zhou, J., Yu, H., 2017. Defatted black soldier fly (Hermetia illucens) larvae 

meal in diets for juvenile Jian carp (Cyprinus carpio var. Jian): Growth performance, antioxidant 

enzyme activities, digestive enzyme activities, intestine and hepatopancreas histological structure. 

Aquaculture. 477, 62-70. doi: 10.1016/j.aquaculture.2017.04.015. 

Li, S., Ji, H., Zhang, B., Tian, J., Zhou, J., Yu, H., 2016. Influence of black soldier fly (Hermetia 

illucens) larvae oil on growth performance, body composition, tissue fatty acid composition and lipid 

deposition in juvenile Jian carp (Cyprinus carpio var. Jian). Aquaculture. 465, 43-52. doi: 

10.1016/j.aquaculture.2016.08.020. 

Li, X., Rezaei, R., Li, P., Wu, G., 2011. Composition of amino acids in feed ingredients for animal diets. 

Amino Acids. 40, 1159-1168. doi: 10.1007/s00726-010-0740-y. 

Lin, Y.H., Mui, J.J., 2017. Evaluation of dietary inclusion of housefly maggot (Musca domestica) meal 

on growth, fillet composition and physiological responses for barramundi, Lates calcarifer. Aquac. 

Res. 48, 2478-2485. doi: 10.1111/are.13085. 

Liland, N.S., Biancarosa, I., Araujo, P., Biemans, D., Bruckner, C.G., Waagbø, R., Torstensen, B.E., 

Lock, E-J., 2017. Modulation of nutrient composition of black soldier fly (Hermetia illucens) larvae 

by feeding seaweed-enriched media. PLoS ONE 12(8): e0183188. doi: 

10.1371/journal.pone.0183188. 

Magalhães, R., Sánchez-López, A., Leal, R.S., Martínez-Llorens, S., Oliva-Teles, A., Peres, H., 2017. 

Black soldier fly (Hermetia illucens) pre-pupae meal as a fish meal replacement in diets for European 

seabass (Dicentrarchus labrax). Aquaculture. 476, 79-85. doi: 10.1016/j.aquaculture.2017.04.021. 

Malcorps, W., Kok, B., van‘t Land, M., Fritz, M., van Doren, D., Servin, K., van der Heijden, P., Palmer, 

R., Auchterlonie, N.A., Rietkerk, M., 2019. The sustainability conundrum of fishmeal substitution by 

plant ingredients in shrimp feeds. Sustainability. 11, 1212. doi: 10.3390/su11041212. 

Mancini, S., Medina, I., Iaconisi, V., Gai, F., Basto, A., Parisi, G., 2017. Impact of black soldier fly 

larvae meal on the chemical and nutritional characteristics of rainbow trout fillets. Animal, 1-10. doi: 

10.1017/S1751731117003421. 

Marono, S., Loponte, R., Lombardi, P., Vassalotti, G., Pero, M. E., Russo, F., Gasco, L., Parisi, G., 

Piccolo, G., Nizza, S., Di Meo, C., Attia, Y. A., Bovera, F., 2017. Productive performance and blood 

profiles of laying hens fed Hermetia illucens larvae meal as total replacement of soybean meal from 

24 to 45 weeks of age, Poultry Science, 96(6), 1783–1790. doi: 10.3382/ps/pew461. 

Martins, N., Estevão-Rodrigues, T., Diógenes, A., Diaz-Rosales, P., Oliva-Teles, A., Peres, H., 2018. 

Taurine requirement for growth and nitrogen accretion of European sea bass (Dicentrarchus labrax, 

L.) juveniles. Aquaculture. 494, 19-25. doi: 10.1016/j.aquaculture.2018.05.007 

Montero, D., Robaina, L.E., Socorro, J., Vergara, J.M., Tort, L., Izquierdo, M.S., 2001. Alteration of 

liver and muscle fatty acid composition in gilthead seabream (Sparus aurata) juveniles held at high 

stocking density and fed an essential fatty acid deficient diet. Fish Physiol. Biochem. 24, 63-72. doi: 

10.1023/A:1011145426543. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Mourente, G., Dick, J.R., Bell, J.G., Tocher, D.R., 2005. Effect of partial substitution of dietary fish oil 

by vegetable oils on desaturation and β-oxidation of [1-
14

C] 18: 3n− 3 (LNA) and [1-
14

C] 20: 5n− 3 

(EPA) in hepatocytes and enterocytes of European sea bass (Dicentrarchus labrax L.). Aquaculture. 

248, 173-186. doi: 10.1016/j.aquaculture.2005.04.023. 

Munir, M.B., Hashim, R., Manaf, M.S.A., Nor, S.A.M., 2016. Dietary prebiotics and probiotics influence 

the growth performance, feed utilisation, and body indices of snakehead (Channa striata) fingerlings. 

Trop. Life Sci. Res. 27, 111. doi: 10.21315/tlsr2016.27.2.9. 

Narang, M.P., Roshan, L. 1985. Evaluation of some agro-industrial wastes in the feed of Jersey calves. 

Agric. Wastes. 13, 15-21. doi: 10.1016/0141-4607(85)90008-3. 

NRC, 2011. Nutrient Requirements of Fish and Shrimp. National Academies Press, Washington D.C. 

Odedeyi, D., Odo, E., Ajisafe, J., 2014. Hepatosomatic index, intestinal length and condition factor of 

Clarias gariepinus fed Moringa oleifera leaf meal diets. NY Sci. J. 7, 1-4. doi: 

10.7537/marsnys070114.01. 

Ogunji, J.O., Nimptsch, J., Wiegand, C., Schulz, C., 2007. Evaluation of the influence of housefly 

maggot meal (magmeal) diets on catalase, glutathione S-transferase and glycogen concentration in the 

liver of Oreochromis niloticus fingerling. Comp. Biochem. Physiol. A. 147, 942-947. doi: 

10.1016/j.cbpa.2007.02.028. 

Olaniyi, C.O., Salau, B.R., 2013. Utilization of maggot meal in the nutrition of African catfish. Afr. J. 

Agric. Res. 8, 4604-4607. doi: 10.5897/ajar12013.7154. 

Oyelese, O., 2007. Utilization of compounded ration and maggot in the diet of Clarias gariepinus. Res. J. 

Appl. Sci. 2, 301-306. 

Peres, H., Santos, S., Oliva-Teles, A., 2014. Blood chemistry profile as indicator of nutritional status in 

European seabass (Dicentrarchus labrax). Fish Physiol. Biochem. 40, 1339-1347. doi: 

10.1007/s10695-014-9928-5. 

Phillipson, B.E., Rothrock, D.W., Connor, W.E., Harris, W.S., Illingworth, D.R., 1985. Reduction of 

plasma lipids, lipoproteins, and apoproteins by dietary fish oils in patients with hypertriglyceridemia. 

N. Engl. J. Med. 312, 1210-1216. doi: 10.1056/nejm198505093121902. 

Piccolo, G., Iaconisi, V., Marono, S., Gasco, L., Loponte, R., Nizza, S., Bovera, F., Parisi, G., 2017. 

Effect of Tenebrio molitor larvae meal on growth performance, in vivo nutrients digestibility, somatic 

and marketable indexes of gilthead sea bream (Sparus aurata). Anim. Feed Sci. Technol. 226, 12 - 20. 

doi: 10.1016/j.anifeedsci.2017.02.007. 

Poshadri, A., Palthiya, R., Shiva Charan, G., Butti, P., 2018. Insects as an Alternate Source for Food to 

Conventional Food Animals. Ind. J. Pure App. Biosci. 6, 697-705. doi: 10.18782/2320-

7051.5356.Ramos‐ Elorduy, J., 1997. Insects: a sustainable source of food? Ecology of Food and 

Nutrition. 36, 247-276. doi: 10.1080/03670244.1997.9991519. 

Rana, K.S., Salam, M., Hashem, S., Islam, M.A., 2015. Development of Black Soldier Fly Larvae 

Production Technique as an Alternate Fish Feed. Int. J. Fish. Aquac. 5, 41-47. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Roncarati, A., Melotti, P., Dees, A., Mordenti, O., Angellotti, L., 2006. Welfare status of cultured seabass 

(Dicentrarchus labrax L.) and seabream (Sparus aurata L.) assessed by blood parameters and tissue 

characteristics. J. Appl. Ichthyol. 22, 225-234. doi: 10.1111/j.1439-0426.2006.00741.x. 

Roque, A., Yildiz, H.Y., Carazo, I., Duncan, N., 2010. Physiological stress responses of sea bass 

(Dicentrarchus labrax) to hydrogen peroxide (H2O2) exposure. Aquaculture. 304, 104-107. doi: 

10.1016/j.aquaculture.2010.03.024. 

Rumpold, B., Schlüter, O., 2014. Nutrient composition of insects and their potential application in food 

and feed in Europe. Food Chain. 4, 129-139. doi: 10.3362/2046-1887.2014.013. 

Rust, M.B., 2002. Nutritional Physiology. in: Halver, J.E., Hardy, R.H. (Eds.), Fish Nutrition. Academic 

Press, California, pp. 367-452. 

Sánchez‐ Muros, M.J., Haro, C., Sanz, A., Trenzado, C., Villareces, S., Barroso, F., 2016. Nutritional 

evaluation of Tenebrio molitor meal as fishmeal substitute for tilapia (Oreochromis niloticus) diet. 

Aquac. Nutr.. 22, 943–955. doi: 10.1111/anu.12313. 

Sankian, Z., Khosravi, S., Kim, Y.-O., Lee, S.-M., 2018. Effects of dietary inclusion of yellow 

mealworm (Tenebrio molitor) meal on growth performance, feed utilization, body composition, 

plasma biochemical indices, selected immune parameters and antioxidant enzyme activities of 

mandarin fish (Siniperca scherzeri) juveniles. Aquaculture. 496, 79-87. doi: 

10.1016/j.aquaculture.2018.07.012. 

Simopoulos, A.P., 2011. Evolutionary aspects of diet: the omega-6/omega-3 ratio and the brain. Mol. 

Neurobiol. 44, 203-215. doi: 10.1007/s12035-010-8162-0. 

Skalli, A., Robin, J.H., 2004. Requirement of n-3 long chain polyunsaturated fatty acids for European sea 

bass (Dicentrarchus labrax) juveniles: growth and fatty acid composition. Aquaculture. 240, 399-415. 

doi: 10.1016/j.aquaculture.2004.06.036. 

Sogari, G., Amato, M., Biasato, I., Chiesa, S., Gasco, L., 2019. The Potential Role of Insects as Feed: A 

Multi-Perspective Review. Animals, 9(4): 119. doi: 10.3390/ani9040119. 

Sogbesan, A.O., Ugwumba, A.A.A., 2008. Nutritional evaluation of termite (Macrotermes subhyalinus) 

meal as animal protein supplements in the diets of Heterobranchus longifilis (Valenciennes, 1840) 

fingerlings. Turk. J. Fish Aquat. Sci. 8, 149-157. 

Stull, V.J., Finer, E., Bergmans, R.S., Febvre, H.P., Longhurst, C., Manter, D.K., Patz, J.A., Weir, T.L. , 

2018. Impact of edible cricket consumption on gut microbiota in healthy adults, a double-blind, 

randomized crossover trial. Sci. Rep. 8, 10762. doi: 10.1038/s41598-018-29032-2. 

Tibaldi, E., Tulli, F., Lanari, D., 1994. Arginine requirement and effect of different dietary arginine and 

lysine levels for fingerling sea bass (Dicentrarchus labrax). Aquaculture. 127, 207-218. doi: 

10.1016/0044-8486(94)90427-8. 

Tocher, D.R., 2015. Omega-3 long-chain polyunsaturated fatty acids and aquaculture in perspective. 

Aquaculture. 449, 94-107. doi: 10.1016/j.aquaculture.2015.01.010. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



Tulli, F., Messina, M., Calligaris, M., Tibaldi, E., 2010. Response of European sea bass (Dicentrarchus 

labrax) to graded levels of methionine (total sulfur amino acids) in soya protein-based semi-purified 

diets. Br J Nutr. 104, 664-673. doi: 10.1017/S0007114510001029. 

Turchini, G., Mentasti, T., Caprino, F., Panseri, S., Moretti, V., Valfrè, F., 2004. Effects of dietary lipid 

sources on flavour volatile compounds of brown trout (Salmo trutta L.) fillet. J. Appl. Ichthyol. 20, 

71-75. doi: 10.1046/j.0175-8659.2003.00522.x. 

U.S. Department of Agriculture, 2019. Agricultural Research Center, Food Data Central. Fish oil 

Herring. https://fdc.nal.usda.gov/fdc-app.html#/food-details/172340/nutrients/ (accessed 20 February 

2020). van Huis, A., Oonincx, D.G.A.B., 2017. The environmental sustainability of insects as food 

and feed. A review. Agron. Sustain. Dev., 7;37-43. doi: 10.1007/s13593-017-0452-8. 

Velten, S., Neumann, C., Dörper, A., Liebert, F., 2017. Response of piglets due to amino acid 

optimization of mixed diets with 75% replacement of soybean-meal by partly defatted insect meal 

(Hermetia illucens), INSECTA Conference 2017. Bornimer Agrartechnische Berichte, Berlin, 

Germany, pp. 63. 

Wilson, R.P., 2003. Amino acids and proteins. in: Halver, J., Hardy, R. (Eds.), Fish Nutrition. Academic 

Press, California, pp. 143-179. 

Wilson, R.P., Halver, J.E., 1986. Protein and amino acid requirements of fishes. Annual Review of 

Nutrition. 6, 225-244. doi: 10.1146/annurev.nu.06.070186.001301. 

Yang, J., Fernández-Galilea, M., Martínez-Fernández, L., González-Muniesa, P., Pérez-Chávez, A., 

Martínez, J.A., Moreno-Aliaga, M.J., 2019. Oxidative stress and non-alcoholic fatty liver disease: 

effects of omega-3 fatty acid supplementation. Nutrients. 11, 1-37. doi:10.3390/nu11040872. 

Zacour, A.C., Silva, M.E., Cecon, P.R., Bambirra, E.A., Vieira, E.C., 1992. Effect of dietary chitin on 

cholesterol absorption and metabolism in rats. J. Nutr. Sci. Vitaminol. 38, 609-613. doi: 

10.3177/jnsv.38.609. 

Zhou, J., Liu, S., Ji, H., Yu, H., 2018. Effect of replacing dietary fish meal with black soldier fly larvae 

meal on growth and fatty acid composition of Jian carp (Cyprinus carpio var. Jian). Aquac. Nutr. 24, 

424-433. doi: 10.1111/anu.12574. 

  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



6. Tables  

 

 

 

 

 

 

 

 

 

Table 1: Ingredients and proximate composition of insect meals and experimental diets 

 
FM TM HI MD 

Ingredients (% ) 
    

Fish meal (Peru, prime) 65 45.5 45.5 45.5 

Insect larvae meal 
a
 0 19.5 19.5 19.5 

Fish oil 10 6 9.7 6.2 

Wheat 17.6 18.4 16.4 18.5 

Wheat gluten meal 6.7 8.2 6.6 9.1 

Vitamin & mineral mix 
b
 0.25 0.25 0.25 0.25 

DL-methionine 0.5 1 0.9 0.3 

L-lysine 0 1.2 1.2 0.7 

Proximate composition of the different insect meals (dry basis) 
c
 

Crude Protein (%)  58.4 67.0 58.5 

Crude Lipid (%)  24.3 5.7 23.1 

Ash %  4.8 7.8 7.4 

Gross energy (MJ kg
-1

)  25.5 21.4 24.8 

Proximate composition of the experimental diets (dry basis) 
c
 

Crude Protein (%) 61.3 59.4 59.8 60.4 

Adjusted Crude Protein (%) 
d 

 61.0 56.9 58.0 57.8 

Crude Lipid (% ) 19.6 17.5 17.7 17.3 

Ash (%) 10.2 8.7 10.1 9.3 

Crude fiber (% ) 1.65 3.78 4.03 2.72 

Acid detergent fiber (%) 7.73 4.75 9.97 9.25 

NFE (%) 
e
 7.25 10.62 8.37 10.28 

Gross energy (MJ kg
-1

) 23.1 23.17 22.8 22.9 

Abbreviations: FM, Fish meal; TM, Tenebrio molitor; HI, Hermetia illucens; MD, Musca domestica 
a
 TM larvae purchased from Benaki Phytopathological Institute (Athens, Greece), defatted HI larvae meal 

purchased from Hermetia Deutschland GmbH & Co. (Baruth/Mark, Germany), MD larvae purchased from 

Reptilia nostra (Athens, Greece)  
b
 Premix (kg

-1
): Choline 90,000 (mg) Vitamin A 0.3 (MIU), Vitamin D3 0.1 (MIU), Vitamin E 20,000 (IU), 

Vitamin K 1030 (mg), Vitamin B1 390 (mg), Vitamin B 960 (mg), Nicotinic acid 2600 (mg), Pantothenic acid 

4400 (mg), Vitamin B6 890 (mg), Vitamin B12 15 (mg), Folic acid 290 (mg), Biotin 14 (mg),Vitamin C (Stay C 

35% MONO) 20,300 (mg), Inositol 15,600 (mg),Total Mn 1200 (mg), Total Ca 72,000 (mg), Total Zn 7,000 

(mg), Total Cu 450 (mg), Total Se 14 (mg), Total I 100 (mg), Betaine (mg) 71,250 (mg), BHA (E320) 3000 

(mg) 
c
 Mean of triplicate analyses  

d 
Protein adjusted for the nitrogen linked to acid detergent fiber  

e
 Nitrogen-free extract, NFE = 100 - %CP - %CL - %Ash - %CF Jo
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Table 2: Fatty acid composition (%  of total fatty acids) of fish meal, insect larvae meals and the experimental diets in 
which 30%  of the fish meal (FM) was substituted with Tenebrio molitor (TM), Hermetia illucens (HI) or Musca domestica 

(MD) larvae meal 

 Raw materials (fish meal and insect larvae meals) Experimental diets 

Name FM TM HI MD FM TM HI MD 

C12:0 0.07 0.14 26.77 0.13 0.10 0.12 2.64 0.14 

C14:0 4.69 1.97 6.25 2.54 6.28 4.92 6.55 5.20 

C15:0 0.44 0.18 0.11 1.73 0.46 0.38 0.43 ND 

C16:0 18.11 ND ND 20.90 16.06 16.19 15.47 18.12 

C16:1 n-7 5.83 1.40 4.75 14.70 5.02 3.97 4.82 7.67 

C17:0 0.40 0.22 0.16 0.74 0.27 0.24 0.22 0.45 

C18:0 3.35 3.28 ND 4.87 2.37 2.75 2.23 3.05 

C18:1 n-7 2.55 0.41 ND 0.60 2.04 1.60 1.82 1.57 

C18:1 n-9 cis 11.31 33.12 16.17 25.39 10.62 16.19 10.49 13.40 

C18:2 n-6 cis 2.01 37.61 10.29 12.25 4.22 13.55 4.96 7.74 

C18:3 n-3 0.94 2.13 1.13 0.55 1.21 1.53 1.29 1.11 

C18:4 n-3 1.97 0.70 0.46 0.84 2.56 2.09 2.72 2.08 

C20:0 0.17 0.25 ND 0.10 0.17 0.20 0.17 0.16 
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C20:1 n-9 2.15 ND ND ND 6.21 4.26 6.26 4.24 

C20:2 n-6 0.36 ND ND ND 0.28 0.26 0.25 0.23 

C20:4 n-6 ND ND ND ND 0.12 ND 0.12 0.10 

C20:5 n-3 (EPA) 11.15 ND ND ND 8.00 6.40 7.80 6.01 

C21:0 0.77 ND ND ND 0.49 0.39 0.46 0.41 

C22:1 n-11 3.06 ND ND ND 10.23 6.94 10.20 6.95 

C22:1 n-9 0.18 ND ND ND 0.63 0.43 0.57 0.44 

C22:6 n-3 (DHA) 15.64 ND ND ND 10.34 8.50 9.96 7.62 

ΣSFA 28.18 6.09 33.28 31.00 26.32 25.22 28.17 27.77 

ΣMUFA 27.06 34.93 21.22 40.88 36.80 34.05 35.46 35.41 

ΣPUFA 32.06 40.44 11.88 14.05 26.78 32.32 27.09 24.89 

ΣPUFA/ΣSFA 1.14 6.64 0.36 0.45 1.02 1.28 0.96 0.90 

Σn-3 29.69 2.83 1.59 1.39 22.16 18.52 21.76 16.83 

Σn-6 2.37 37.61 10.29 12.25 4.63 13.81 5.33 8.06 

Σn-3/Σn-6 12.54 13.28 0.15 0.11 4.79 1.34 4.08 2.09 

DHA/EPA 1.40 - - - 1.29 1.33 1.28 1.27 

C18:1 n-9  

(EPA+DHA)
-1

 
0.42 - - - 0.58 1.09 0.59 0.98 

Abbreviations: SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; ND, not 

detected 

Ingredients crude fat content (% of dry matter): FM, 14.03%; TM, 24.30%; HI, 5.71%; MD, 23.09% 

Means of duplicate analyses 

Table 3: Amino acid composition (%  of dry matter) of fish meal, insect larvae meals and the experimental 

diets in which 30%  of the fish meal (FM) was substituted with Tenebrio molitor (TM), Hermetia illucens 

(HI) or Musca domestica (MD) larvae meal 
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 Raw materials (fish meal and insect 

larvae meals) 

Experimental diets 

(amino acids, % of dry matter) 
 

 FM TM HI MD FM TM HI MD 

EAA         

Arginine 3.48 2.93 2.56 2.64 2.71 2.28 2.58 2.70 

Histidine 1.41 1.71 1.50 1.48 1.17 1.24 1.24 1.29 

Isoleucine 2.95 2.24 2.57 2.15 2.08 2.20 2.10 2.08 

Leucine 5.09 3.98 4.12 3.65 3.84 3.88 3.71 3.78 

Lysine 6.17 2.96 3.25 4.65 3.59 3.15 3.18 3.40 

Methionine 2.01 0.68 0.91 1.56 1.88 2.23 1.99 1.67 

Phenylalanine 2.42 1.78 2.03 3.37 2.19 2.14 2.13 2.65 

Threonine 2.95 2.25 2.47 2.39 2.10 1.89 2.02 2.10 

Valine 3.49 3.08 3.53 2.72 2.50 2.73 2.63 2.54 

NEAA 
        

Alanine 4.47 4.39 5.02 3.05 2.90 3.14 3.03 2.70 

Asx 7.07 4.30 5.75 6.12 4.16 3.75 4.04 4.12 

Cysteine 0.27 0.21 
  

0.25 0.24 0.22 0.25 

Glx 10.32 5.69 7.87 8.40 8.43 8.42 8.14 8.87 

Glycine 3.47 2.94 2.98 2.08 2.76 2.70 2.69 2.60 

Hydroxyproline 0.39 ND 0.06 ND 0.31 0.24 0.24 0.24 

Proline 2.58 4.05 3.81 2.29 2.61 3.08 2.87 2.82 

Serine 2.66 2.74 2.73 2.33 2.11 1.97 2.10 2.18 

Taurine 0.84 ND 0.03 ND 0.61 0.46 0.44 0.45 

Tyrosine 1.75 2.79 2.68 3.33 1.40 1.37 1.67 1.88 

         Met+Cys 2.29 0.89 0.91 1.56 2.13 2.47 2.21 1.92 

Tyr+Phe 4.17 4.57 4.72 6.70 3.59 3.51 3.80 4.53 

Sum EAA 29.97 21.59 22.94 24.61 22.06 21.74 21.58 22.21 

Sum NEAA 33.82 27.10 30.93 27.59 25.54 25.37 25.44 26.11 

EAA/NEAA 0.89 0.80 0.74 0.89 0.86 0.86 0.85 0.85 

Abbreviations: EAA, essential amino acids; NEAA, non-essential amino acids; Asx, sum of asparagine 

and aspartate; Glx, sum of glutamine and glutamate ND: Not Detected 

Means of duplicate analyses 

Table 4: Effect of 30%  substitution of fish meal with different insect meals (TM: Tenebrio molitor, HI: 

Hermetia illucens or MD: Musca domestica) on growth performance and somatic indexes of European sea 

bass 
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Table 5: Effect of 30%  substitution of fish meal with different insect meals (TM: Tenebrio molitor, HI: 

Hermetia illucens or MD: Musca domestica) on whole-body proximate composition of European sea bass  

 Whole-body composition (%  on wet basis unless otherwise stated)  

 Initial FM TM HI MD 

Dry matter  29.28 34.51±0.29
a
 31.63±0.47

b
 33.61±0.09

a
 34.72±0.46

a
 

Crude protein 17.29 17.79±0.16 17.82±0.29 17.86±0.01 17.61±0.14 

Crude fat 9.43 13.65±0.43
a
 10.04±0.30

c
 11.91±0.10

b
 13.13±0.16

ab
 

Ash 4.03 3.75±0.08 4.01±0.24 3.69±0.03 3.46±0.13 

Gross Energy (MJ kg
-1

) 7.42 9.35±0.17
a
 8.27±0.14

b
 9.08±0.09

a
 9.54±0.16

a
 

 Mean ± standard error, n = 9 fish per diet (n = 10 initial fish). Different letters in the same row denote 

statistically significant difference (P < 0.05). 

 

 

 

 

 

 

 

 FM TM HI MD 

Survival (%) 100±0.00 98.89±1.11 100.00±0.00 98.89±1.11 

IBW (gr) 5.73±0.08 5.70±0.10 5.71±0.14 5.70±0.16 

FBW (gr) 24.26±0.36
ab

 21.58±0.71
b
 25.23±1.24

a
 23.49±0.26

ab
 

WG (%) 323.58±11.62 278.30±7.05 343.06±30.50 312.98±14.70 

SGR (% day
-1

) 1.74±0.03 1.60±0.02 1.79±0.09 1.71±0.04 

DFI (% BW day
-1

) 1.48±0.01 1.52±0.01 1.56±0.04 1.47±0.02 

FCR 0.99±0.02
b
 1.09±0.02

a
 1.03±0.01

ab
 1.00±0.00

b
 

Somatic indexes 
    

CF 1.14±0.01
a
 1.04±0.00

c
 1.09±0.00

b
 1.07±0.01

bc
 

HSI (%) 1.71±0.09 1.79±0.03 1.81±0.04 1.85±0.07 

VSI (%) 9.52±0.48 9.96±0.18 10.62±0.15 10.21±0.16 

MFI (%) 3.94±0.29
b
 4.21±0.13

ab
 4.89±0.19

a
 4.30±0.05

ab
 

RGL 0.78±0.02 0.79±0.01 0.77±0.01 0.77±0.01 

Abbreviations: IBW, initial body weight; FBW, final body weight; WG, weight gain; SGR, specific growth rate; 

DFI, daily feed intake; FCR, feed conversion ratio; CF, condition factor; VSI, viscerosomatic index; HSI, 

hepatosomatic index; MFI, mesenteric fat index; RGL, relative gut length  

Mean ± standard error, n = 3 tanks per diet and n = 15 fish per diet for the somatic indexes . Different letters in 

the same row denote statistically significant difference (P < 0.05) 

Table 6: Fatty acid composition of whole-body of European sea bass fed diets in which 30%  of the fish 
meal was substituted with different insect meals (TM: Tenebrio molitor, HI: Hermetia illucens or MD: 

Musca domestica) 
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 Initial FM TM HI MD 

C12:0 0.07 0.07±0.01
b
 0.05±0.01

b
 0.98±0.06

a
 0.06±0.01

b
 

C14:0 3.61 5.41±0.13
a
 4.11±0.06

b
 5.40±0.20

a
 3.94±0.01

b
 

C15:0 0.34 0.45±0.02
b
 0.36±0.00

c
 0.40±0.02

bc
 0.60±0.01

a
 

C16:0 ND 19.62±0.43 17.41±0.35 17.60±0.75 18.28±0.46 

C16:1 n-7 5.02 5.14±0.12
bc

 4.57±0.11
c
 5.35±0.20

b
 7.18±0.09

a
 

C17:0 0.26 0.37±0.01 0.30±0.01 0.28±0.04 0.38±0.01 

C18:0 3.56 3.00±0.12 2.95±0.12 2.54±0.14 3.20±0.19 

C18:1 n-9 cis 25.72 17.96±0.47
b
 21.41±0.17

a
 17.98±0.65

b
 23.24±0.18

a
 

C18:1 n-7 2.75 2.41±0.03
a
 2.09±0.01

b
 2.29±0.08

ab
 2.25±0.01

ab
 

C18:2 n-6 cis 10.31 4.58±0.21
c
 11.59±0.35

a
 5.26±0.18

c
 7.09±0.10

b
 

C18:3 n-3 1.94 1.17±0.03
b
 1.43±0.02

a
 1.23±0.04

b
 1.11±0.02

b
 

C18:4 n-3 1.02 1.76±0.03
b
 1.50±0.02

c
 2.05±0.01

a
 1.55±0.03

c
 

C20:0 0.20 0.19±0.01
a
 0.17±0.01

ab
 0.17±0.01

ab
 0.15±0.01

b
 

C20:1 n-9 3.28 5.17±0.05
b
 3.94±0.01

c
 5.47±0.05

a
 3.87±0.06

c
 

C20:2 n-6 0.56 0.42±0.00
b
 0.59±0.02

a
 0.45±0.02

b
 0.48±0.02

b
 

C20:4 n-6 0.13 ND ND ND ND 

C20:5 n-3 (EPA) 5.00 6.26±0.07
a
 5.53±0.08

b
 6.36±0.11

a
 4.84±0.09

c
 

C21:0 0.53 0.46±0.01
a
 0.42±0.01

ab
 0.43±0.01

a
 0.39±0.01

b
 

C22:1 n-11 2.87 6.26±0.10
b
 4.40±0.05

c
 6.71±0.03

a
 4.24±0.07

c
 

C22:1 n-9 0.37 0.56±0.01
a
 0.41±0.01

b
 0.55±0.02

a
 0.40±0.01

b
 

C22:6 n-3 (DHA) 6.64 9.13±0.08
a
 8.46±0.09

b
 9.10±0.15

a
 7.00±0.13

c
 

C24:1 n-9 0.44 0.68±0.02
a
 0.48±0.01

c
 0.58±0.02

b
 0.44±0.00

c
 

ΣSFA 8.58 29.44±0.55 25.77±0.52 27.81±1.20 27.04±0.69 

ΣMUFA 40.06 38.27±0.71
b
 37.35±0.08

b
 39.01±0.89

b
 41.72±0.21

a
 

ΣPUFA 25.93 23.31±0.34
bc

 29.35±0.51
a
 24.92±0.53

b
 22.49±0.36

c
 

ΣPUFA/ΣSFA 3.02 0.79±0.02
b
 1.14±0.04

a
 0.90±0.06

b
 0.83±0.03

b
 

Σn-3 14.69 18.31±0.15
a
 16.99±0.20

b
 18.76±0.32

a
 14.54±0.28

c
 

Σn-6 11.00 5.00±0.20
c
 12.18±0.36

a
 5.79±0.21

c
 7.66±0.12

b
 

Σn-6/Σn-3 0.74 0.27±0.01
c
 0.72±0.02

a
 0.30±0.01

c
 0.52±0.01

b
 

Abbreviations: SFA, saturated fatty acids; MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty 

acids; ND, not detected 

% of total fatty acids. Mean ± standard error, n = 9 fish per diet (n = 10 initial fish). Different letters in the same 

row denote statistically significant difference (P < 0.05). 

Table 7: Amino acid profile of the whole-body of European sea bass fed diets in which 30%  of the fish 
meal was substituted with different insect meals (TM: Tenebrio molitor, HI: Hermetia illucens or MD: 

Musca domestica) 
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Table 8: Effect of 30%  substitution of fish meal with different insect meals (TM: Tenebrio molitor, HI: 

Hermetia illucens or MD: Musca domestica) on nutrient and energy retention of European sea bass  

  FM TM HI MD 

Dry matter  36.37±0.89
a
 29.51±0.20

c
 33.96±0.29

b
 36.07±0.30

ab
 

 Initial FM TM HI MD 

EAA 
     

Arginine 5.23 5.44±0.07 5.47±0.02 5.39±0.11 5.49±0.08 

Histidine 2.04 2.07±0.04 2.09±0.01 2.05±0.05 2.16±0.03 

Isoleucine 3.31 3.47±0.05 3.42±0.01 3.51±0.05 3.48±0.05 

Leucine 6.10 6.36±0.09 6.24±0.02 6.31±0.10 6.37±0.10 

Lysine 6.72 7.18±0.12 7.00±0.02 7.19±0.07 7.14±0.11 

Methionine 2.53 2.61±0.04 2.58±0.02 2.59±0.07 2.64±0.05 

Phenylalanine 3.50 3.62±0.06 3.56±0.02 3.59±0.08 3.65±0.05 

Threonine 3.69 3.82±0.05 3.78±0.00 3.78±0.06 3.84±0.06 

Valine 3.77 3.93±0.05 3.89±0.01 3.98±0.05 3.94±0.06 

NEAA 
     

Alanine 5.20 5.35±0.03 5.42±0.01 5.36±0.01 5.45±0.08 

Asx 8.06 8.07±0.09
ab

 8.27±0.02
ab

 8.02±0.05
b
 8.40±0.13

a
 

Cysteine 0.37 0.36±0.01
b
 0.38±0.01

ab
 0.35±0.01

b
 0.41±0.01

a
 

Glx 12.04 12.00±0.10
ab

 12.32±0.01
ab

 11.91±0.04
b
 12.42±0.19

a
 

Glycine 6.36 6.50±0.06 6.61±0.08 6.65±0.08 6.48±0.12 

Hydroxyproline 1.28 1.30±0.04 1.38±0.04 1.33±0.03 1.28±0.03 

Proline 3.99 4.12±0.03 4.18±0.03 4.13±0.04 4.07±0.05 

Serine 3.80 3.84±0.05 3.85±0.01 3.78±0.06 3.89±0.06 

Taurine 1.86 2.18±0.03
ab

 1.92±0.05
b
 2.06±0.08

a
 2.19±0.04

a
 

Tyrosine 2.48 2.30±0.06
bc

 2.56±0.01
ab

 2.21±0.09
c
 2.69±0.04

a
 

Abbreviations: EAA, essential amino acids; NEAA, non-essential amino acids; Asx, sum of asparagine and 

aspartate; Glx, sum of glutamine and glutamate 

% of crude protein. Mean ± standard error, n = 9 fish per diet . Different letters in the same row denote 

statistically significant difference (P < 0.05). 
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Protein  29.46±0.19
a
 27.55±0.27

b
 29.35±0.21

a
 29.03±0.55

a
 

Fat  76.82±3.62
ab

 53.18±1.44
c
 69.63±1.00

b
 81.86±1.15

a
 

Ash   36.36±0.89 41.93±3.01 34.53±0.44 34.85±1.63 

Energy  43.32±1.54
a
 33.74±0.33

b
 40.89±0.63

a
 44.14±0.60

a
 

 Mean ± standard error, n = 9 fish per diet. Different letters in the same row denote statistically significant 

difference (P < 0.05). 
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Table 9: Essential amino acid retention efficiency and non-essential amino acid deposition of European 
sea bass fed diets in which 30%  of the fish meal was substituted with different insect meals (TM: Tenebrio 

molitor, HI: Hermetia illucens or MD: Musca domestica) 

 FM TM HI MD 

EAA 
    

Arginine 33.55±0.57
b
 36.52±0.59

a
 34.18±0.27

b
 33.55±0.14

b
 

Histidine 30.38±0.51
a
 26.25±0.43

b
 27.69±0.22

b
 27.30±0.12

b
 

Isoleucine 27.65±0.47
a
 23.91±0.39

b
 26.51±0.21

a
 27.43±0.12

a
 

Leucine 27.64±0.47
a
 25.07±0.40

b
 27.69±0.22

a
 27.94±0.15

a
 

Lysine 32.61±0.55
b
 33.98±0.55

ab
 35.55±0.28

a
 34.24±0.12

ab
 

Methionine 23.38±0.40
b
 18.06±0.29

d
 21.40±0.17

c
 26.18±0.13

c
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Table 11: Effect of 30%  substitution of fish meal with different insect meals (TM: Tenebrio molitor, HI: 

Hermetia illucens or MD: Musca domestica) on amino acid catabolism enzymes of European sea bass 

 FM TM HI MD 

Alanine aminotrasferase (ALT) 0.62±0.04 0.66±0.01 0.51±0.11 0.55±0.05 

Aspartate aminotransferase (AST) 0.66±0.08 0.48±0.07 0.50±0.13 0.58±0.05 

Glutamate dehydrogenase (GDH) 0.08±0.01
ab

 0.08±0.00
ab

 0.09±0.01
a
 0.05±0.00

b
 

Expressed as μmoles min
-1 

mg protein
-1

. Mean ± standard error, n = 6 fish per diet. Different letters in the same 

row denote statistically significant difference (P < 0.05). 

 

 

 

  

Phenylalanine 27.84±0.47
a
 26.14±0.42

b
 27.67±0.22

ab
 22.90±0.13

c
 

Threonine 30.59±0.52 31.10±0.50 30.76±0.24 30.34±0.13 

Valine 26.21±0.44
a
 22.00±0.36

c
 24.14±0.19

b
 25.72±0.11

a
 

NEAA 
    

Alanine 31.24±0.53
b
 26.40±0.43

d
 28.86±0.23

c
 33.26±0.14

a
 

Asx 33.76±0.57 34.26±0.55 33.55±0.27 33.80±0.14 

Cysteine 26.08±0.44
b
 25.05±0.40

b
 27.81±0.22

a
 25.31±0.11

b
 

Glx 24.85±0.42
a
 22.79±0.37

b
 24.91±0.20

a
 23.47±0.10

b
 

Glycine 40.07±0.68
b
 37.49±0.61

c
 39.88±0.32

b
 42.36±0.18

a
 

Proline 26.55±0.45
a
 20.63±0.33

c
 23.38±0.18

b
 24.43±0.10

b
 

Serine 31.35±0.53 30.67±0.50 30.38±0.24 30.08±0.13 

Tyrosine 30.72±0.52
a
 28.78±0.47

b
 25.03±0.20

c
 22.79±0.10

d
 

Taurine 53.59±0.91
c
 64.45±1.05

b
 71.58±0.57

a
 71.31±0.31

a
 

Hydroxyproline 72.13±1.22
d
 84.22±1.37

c
 89.18±0.71

b
 93.18±0.40

a
 

Abbreviations: EAA, essential amino acids; NEAA, non-essential amino acids; Asx, sum of asparagine and 

aspartate; Glx, sum of glutamine and glutamate 

 Mean ± standard error, n = 9 fish per diet . Different letters in the same row denote statistically significant 

difference (P < 0.05). 

Table 10: Effect of 30%  substitution of fish meal with different insect meals (TM: Tenebrio molitor, HI: 

Hermetia illucens or MD: Musca domestica) on serum metabolites of European sea bass  

 FM TM HI MD 

Glucose (mg dl
-1

) 165.8±7.1
b
 123.8±3.5

c
 175.8±6.9

b
 200.0±4.7

a
 

Cholesterol (mg dl
-1

) 237.8±4.0
a
 148.6±7.9

b
 229.8±7.6

a
 130.7±5.2

b
 

Triglycerides (mg dl
-1

) 698.8±28.0
ab

 412.5±39.1
ab

 798.1±94.5
a
 375.5±10.0

b
 

Phospholipids (mg dl
-1

) 735.5±79.1 622.0±103.6 797.0±43.5 570.9±43.2 

Lactate (mg dl
-1

) 30.6±2.8
ab

 17.8±4.2
b
 36.8±7.9

ab
 56.3±11.5

a
 

ALT (u l
-1

) 15.7±3.7 6.0±1.9 10.5±2.1 8.7±2.1 

AST (u l
-1

) 61.0±13.1 47.3±10.5 52.0±4.1 64.1±10.2 

Mean ± standard error, n = pooled samples of 5 fish per tank. Different letters in the same row denote 

statistically significant difference (P < 0.05). 
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Highlights 

 30% of fish meal was substituted with Tenebrio molitor, Hermetia illucens or Musca 

domestica in the diets of European sea bass. 

 Growth performance was similar in all dietary treatments.  

 A minor increase in feed conversion ratio and a decrease in nutrient retention were 

observed when fish meal was substituted with Tenebrio molitor larvae meal. 

 The fatty acid but not the amino acid profile was affected by the different insect meals 

inclusion. 
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