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Abstract 

In the recent years, insect meals have been studied as alternative feed ingredients for aquafeeds, due 

to their adequate nutrient composition and low ecological footprint. These studies involve nutrient 

digestibility measurements, as they provide valuable information on the  ability of fish to utilize insect 

meal efficiently. In this context, the current study evaluated the nutrient digestibility in European sea 

bass (Dicentrarchus labrax) and gilthead sea bream (Sparus aurata) fed diets with five different 

insect meals . For this investigation, diets including 19.5% of each insect meal from yellow 

mealworm (Tenebrio molitor – TM), black soldier fly (Hermetia illucens – HI), common housefly 

(Musca domestica – MD), super worm (Zophobas morio – ZM) or lesser mealworm (Alphitobius 

diaperinus – AD) and a control fish meal (FM) diet were tested. In European sea bass,  TM and MD 

diets showed similar dry matter, protein, fat, energy, and organic matter ADCs among each other as 

well as with the FM diet (P > 0.05). However, adjusted protein ADC of TM and ZM diets (93.4 – 

93.6%) were significantly higher (P < 0.05) compared to the FM diet (91.9%). Fat ADC was similar 

in all dietary groups (88.6 - 92.4%; P > 0.05). The HI diet exhibited significantly lower dry matter, 

protein and organic matter ADCs compared to the FM diet (P < 0.05). Moreover, the AD diet 

presented significantly lower digestibility coefficients of dry matter, organic matter and energy than 

the FM diet (P < 0.05). The dietary contents of crude fiber and ash, and the inclusion of plant 

feedstuffs correlated negatively with various ADCs (P < 0.05). Regarding gilthead sea bream, the 

ADCs of dry matter, organic matter, protein, adjusted protein and energy were not affected by the 

different dietary treatments (P > 0.05). Fat ADC of the TM diet (73.6%) was significantly lower 

compared to the other five diets (78.9-84.3%; P < 0.05). The individual amino acid ADCs values were 

found to be very high in all experimental diets (90.9 – 98.0% for European sea bass and 88.9 – 97.2% 

for gilthead sea bream). In sea bass, the variation in crude protein and adjusted protein ADCs was 

strongly reflected on the individual amino acid ADCs. Nevertheless, the “true protein digestibility” as 

expressed by the sum of amino acids was not affected by the insect inclusion compared to the FM diet 

(P > 0.05), while a significant difference was observed between the ZM and HI diets (95.9% and 

94.1% respectively; P < 0.05). In sea bream, the sum of amino acids and the individual amino acid 

ADC values did not differ among the experimental diets (P > 0.05) except for methionine (P < 0.05). 
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Conclusively, in sea bream all diets exhibited similar overall digestibility. In sea bass, compared to 

the FM diet, TM and MD diets had similar or even slightly better digestibility, whilst diets HI and AD 

presented lower overall digestibility.  

 

 

Keywords: amino acid digestibility, mealworm, black soldier fly, housefly, super worm, lesser 

mealworm 

 

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

Zophobas morio, ZM; Alphitobius diaperinus, AD; Acid Detergent fiber, ADF. 

 

1. Introduction 

Nowadays, the aquaculture industry is facing an economic and ecological pressure, which is 

constantly and progressively increasing due to the sustainability concerns and availability issues of 

natural marine resources (Hua, 2020). Therefore, research is confronted with a paradox in which 

aquaculture is presented as a solution to ensure food abundance, while the extended use of fish meal 

(FM) and fish oil is aggravating the global pressure put on the already over-exploited fish stocks. For 

this reason, the research around the use of new alternative protein and oil sources for the aquaculture 

industry is expanding. Initially, studies had been focused on the use of plant or vegetable feedstuffs, 

especially soybean meals (Daniel, 2018), and animal by-products such as bone, meat and blood meals 

(Hodar et al., 2020). However, the presence of unknown active compounds, anti-nutritional factors, 

deficiency in some essential amino acids (Francis et al., 2001)Kokou and Fountoulaki, 2018, low 

palatability (Jingting et al., 2020) and the enteritis or inflammation (Merrifield et al., 2011; Gai et al., 

2012) associated with plant ingredients have restricted their use as fish feed ingredients. 

The utilization of insect meals in aquafeeds has gained great interest over the past years and 

the recent research shows promising results. The inclusion of insect meals in the aquafeeds has been 

found to not only maintain similar performance to that of FM based diets but  even enhance fish 
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growth (Belforti et al., 2015; Piccolo et al., 2017; Ido et al., 2019; Rema et al., 2019; Stejskal et al., 

2020). When a new ingredient is evaluated for its use in aquafeeds, it is advisable to assess its 

nutritional value for a given species by measuring its digestibility and therefore the species’ ability to 

utilize efficiently the new ingredient. In gilthead sea bream (Sparus aurata), a 25% inclusion of 

yellow mealworm meal (Tenebrio molitor – TM) did not affect the apparent digestibility coefficients 

of dry matter, crude protein, and ether extract, while when TM was included at 50%, a decrease in 

digestibility was reported, probably due to the increased dietary chitin (Piccolo et al., 2017). In a 

comparative study, using both TM and black soldier fly meal (Hermetia illucens – HI) in gilthead sea 

bream, Fabrikov et al. (2020) highlighted that the higher chitin content of HI led to lower protein 

digestibility compared to TM and the FM diet. The improved digestibility coefficients observed in the 

TM diets, when compared to the HI diets in European sea bass (Dicentrarchus labrax) were also 

attributed to the lower chitin content of TM (Basto et al., 2020). However, to our knowledge, a 

digestibility study with the common housefly (Musca domestica – MD) has not yet been conducted 

for sea bass and sea bream. Nevertheless, according to Mastoraki et al. (2020) the inclusion of 19.5% 

MD meal in European sea bass did not affect the growth performance, the whole body composition 

and the nutrient retention. Concerning Zophobas morio (ZM) inclusion at 7.5% (25% FM 

substitution) acted beneficially and decreased the feed conversion ratio of Nile tilapia (Oreochromis 

niloticus), while an increase in the inclusion of ZM (30% to completely replace FM) lowered the 

specific growth rate (Jabir et al., 2012a). On the other hand, Hosseini Shekarabi et al. (2021) using 

diets with 22% inclusion of defatted ZM, reported inferior specific growth rate and feed conversion 

ratio in rainbow trout (Oncorhynchus mykiss), due to the lower ZM digestibility. In fact, the authors 

observed a significant decline in dry matter, protein and lipid digestibility when inclusion was only 

5.5% (Hosseini Shekarabi et al., 2021). 

It becomes clear that several drawbacks have been identified regarding the digestibility of 

insect meals. Insect larvae contain about 1-10% of acid detergent fiber, depending on the insect 

species, which consists of chitin and cuticular proteins (Finke, 2002; Finke, 2013; Rumpold and 

Schlüter, 2014). Chitin solubility is limited and could decrease both the water retention of the 

intestinal content and gut evacuation time and therefore reduce the efficiency of digestive enzymes on 
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the substrates (Tharanathan and Kittur, 2003; Sinha et al., 2011). In addition, dietary fiber can bind to 

protein and minerals, thus reducing the bioavailability and digestibility of these nutrients (Anvo et al., 

2017). Finally, chitin consumption has been associated with decreased bile acid levels and therefore 

inefficient fat absorption (Hansen et al., 2010). However, chitosan, the derivative of chitin, has been 

found to act as a bacteriostatic, antioxidant, and anti-inflammatory agent as well as  an active growth 

promoter (Abdel‐Ghany and Salem, 2020). Despite the limitations arising from the chitin content, the  

incorporation of insect meal in aquafeeds is   beneficial  due to their more than sufficient nutritional 

value and favourable ecological footprint (Rumpold and Schlüter, 2013). 

The present study aims to evaluate and compare the apparent digestibility coefficients of key 

nutrients (dry matter, protein, fat, amino acids) and energy of diets that included 19.5% of insect 

meals from Tenebrio molitor (TM), Hermetia illucens (HI), Musca domestica (MD), Zophobas morio 

(ZM) or Alphitobius diaperinus (AD) for European sea bass (Dicentrarchus labrax) and gilthead sea 

bream (Sparus aurata). As far as we know, this is the first study assessing the effects of Zophobas 

morio and Alphitobius diaperinus on nutrient and energy digestibility in diet of European sea bass and 

gilthead sea bream.  

 

2. Materials and methods 

The digestibility trials were conducted at the Institute of Marine Biology, Biotechnology and 

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

accredited scientists (functions A-D), following the European Directive 2010/63/EU.  

Whole freeze-dried larvae from TM, ZM and AD were obtained from Kreca Ento-feed 

(Ermelo, the Netherlands), dried larvae from MD were acquired from Reptilia Nostra (Athens, 

Greece) and partially defatted HI meal was purchased from Hermetia Deutschland GmbH & Co. KG 

(Baruth/Mark, Germany). The larvae were finely ground in a knife mill (Grindomix GM200, Retsch 

GmbH, Haan, Germany. Six experimental diets were formulated for each fish species; the control diet 

(FM) in which fish meal was the main protein source (650 g/kg) and five diets which incorporated 

195 g/kg of insect meals to replace 30% of the fish meal (Table 1). Celite was added as an external 
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inert marker (10 g/kg). Celite is an acid-washed, diatomaceous silica powder, which is widely used as 

an external digestibility marker due to its indigestible, non-toxic and completely inert nature. Using 

celite (the acid insoluble ash method - AIA) for the digestibility assessments has many advantages 

such as the low cost and ease of measurement (Goddard and McLean, 2001). The AIA method was 

chosen over the chromium oxide method because the latter is suspected to cause disturbance in the 

digestion and to move through the gut separately from the digesta (Jobling, 2001).  

The inclusion of the secondary ingredients (fish oil, wheat meal, wheat gluten) was adjusted 

to achieve similar protein and energy content among the experimental diets (for each fish species). 

Moreover, experimental diets were supplemented with DL-methionine and L-lysine to ensure a 

similar amount of essential amino acids amongst the different diets for each fish species. After a 

thorough mix of the ingredients by hand, water was added to the mixture (approximately 2:1) to 

obtain the preferred consistency. Subsequently, the mixture was pelletized using a mincing machine 

(4 mm die), the pellets were oven-dried at 40 °C for 24 h and stored in a freezer at -20 °C until used. 

Juvenile D. labrax and S. aurata were obtained from the IMBBC hatchery. Two separate trials were 

conducted, one for each fish species. Open-circulation borehole water, with renewal of 200% per 

hour, provided adequate levels of dissolved oxygen and the temperature was maintained constantly at 

20.2 ± 0.4 °C for the D. labrax and 19.6 ± 0.2 °C for the S. aurata trial. Eighteen groups of 15 fish 

(average individual weight of 35.1 ± 8.2 g for D. labrax and 49.9 ± 0.7 g for S. aurata) were 

randomly distributed in 250 l cylindroconical indoor tanks (one group per tank), equipped with a 

settling column. For acclimatization to the diets, fish were fed by hand until apparent satiation, three 

times daily, for three weeks. Apparent satiation was achieved by terminating the feeding when the 

feeding activity became lengthier and the pellets remained uneaten at the bottom of the tank. During 

the experimental trial, fish were fed three times a day (until apparent satiation). After the last feeding, 

any uneaten pellet was collected in the settling columns. The columns were removed, cleaned 

thoroughly and readjusted to the tanks until the next morning. Before the first daily feeding, faeces 

were collected from the settling columns each morning, centrifuged at 2,000 g for 10 min (Megafuge 

1.0, Heraeus Instruments, GmBH, Hanau, Germany). Then the faeces were pooled immediately from 

each tank and the new fecal material was added to the container which contained the previously 
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collected material per tank and stored back to a freezer (-20oC). At the end of the trial, faeces were 

freeze-dried for 48 h (Telstar Cryodos, Terrassa, Spain).  

Diets and faeces were analyzed for dry matter and ash according to AOAC (1990; methods 

934.01 and 942.05 respectively). Crude lipids were determined according to Folch et al. (1957) by 

chloroform - methanol extraction. Crude protein was assessed using a nitrogen analyzer (FP-528, 

Leco corporation, St. Joseph, Michigan, USA) employing the 6.25 conversion factor to calculate the 

% crude protein. Energy was measured using a bomb calorimeter (6300, Parr Instrument Company, 

St. Moline, Illinois, USA). For the analysis of the ash-free acid detergent fiber (ADF), the samples 

were boiled in an acid solution using Fibretherm (C. Gerhardt GmbH & Co., Königswinter, Germany) 

and the ash content of the product was subtracted (Goering and Van Soest, 1979). In addition the 

nitrogen linked to ADF was measured by analyzing the nitrogen content of the boiling product of the 

previous analysis using a nitrogen analyzer (Goering and Van Soest, 1979). The crude fiber of the 

diets was determined by defatting the samples with petroleum ether, sequential boiling with H2SO4 

and KOH solutions using Fibretherm and subtracting the products’ ash content. Celite content in diets 

and faeces was determined with the acid insoluble ash (AIA) method by boiling the samples in a HCl 

solution as described by Vogtmann et al. (1975). Chitin in insect meals was estimated by subtracting 

the acid detergent insoluble protein (ADIN x 6.25) from the ash-free ADF (Marono et al., 2015). 

Crude protein was adjusted for  the ADIN, by subtracting the ADIN from the crude nitrogen and then 

multiplying by 6.25, to correct for non-protein nitrogen such as chitin and for the indigestible protein 

attached to lignin and chitin (Goering and Van Soest, 1970; Bernard et al., 1997; Finke, 2007). 

Organic matter was determined by subtracting the crude ash content from the total dry matter. The 

amino acid composition of fish and diets were analyzed after acid hydrolysis (6 N HCl, 110 °C, 22 h) 

and derivatization by AccQ-Tag™ Ultra (Waters Corporation, Milford, MA, U.S.A.). UPLC was 

performed on an Acquity system (Waters Corporation, Milford, MA, U.S.A.) with DL-Norvaline as 

an internal standard, as described in Kotzamanis et al. (2020).  

Apparent digestibility coefficients (ADCs) of nutrients and energy of the diets were 

determined by the following formula: 
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Apparent Digestibility Coefficient (ADC) = 100 - 100 x (AIA in the diet/ AIA in faeces) x (nutrient or 

energy in faeces/ nutrient or energy in the diet) 

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 among the dietary treatments (results were considered statistically 

significant at P < 0.05), while individual means were compared using the post-hoc Tukey’s test. 

Correlations were performed using the non-parametric Spearman correlation analysis. All statistical 

analyses were carried out using SigmaStat 3.5 (Systat Software, Inc., San Jose, California, USA).  

3. Results  

The nutrient ADCs of the experimental diets in European sea bass and gilthead sea bream are 

presented in Table 2. Regarding European sea bass, the partial substitution of FM with insect meals 

from TM and MD did not affect dry matter ADC (76.6 – 77.4%, P > 0.05). However, the dietary 

inclusion of HI, ZM and AD resulted in significantly lower dry matter ADC (69.9 – 73.1%, P < 0.05). 

The ZM diet showed significantly higher protein ADC (93.2 ± 0.3%) compared to FM diet (91.6 ± 

0.1%, P < 0.05), while the lowest protein ADC (89.6 ± 0.5%) was observed in HI diet (P < 0.05). 

Protein ADC was significantly increased when protein in diets and faeces was adjusted for the 

nitrogen in ADF (adjusted protein ADC 91.1 – 93.6% compared to protein ADC 89.6 – 91.5%, P < 

0.05). In specific, protein ADC of TM and ZM diets were significantly higher compared to FM (P < 

0.05), while HI was similar to FM diet (P > 0.05). The ZM was the only insect diet that had similar 

ADF ADC to FM diet (P > 0.05), while a significant reduction was observed in the other four diets (P 

< 0.05). Energy ADC was significantly lower in ZM and AD diets (82.1 – 82.3%) compared to FM, 

TM, and MD diets (85.1 – 86.6%, P < 0.05). Finally, organic matter ADC of the FM diet was 

significantly higher (83.8 ± 0.3%) compared to HI, ZM and AD diets (78.4 – 79.9%, P < 0.05). The 

content of crude fiber in the diets was negatively correlated with the ADCs of dry matter, fat, energy, 

and organic matter (r = -0.843, -0.756, -0.762 and -0.881 respectively, P < 0.05). Protein and adjusted 

protein ADC showed a negative correlation with dietary ash content (r = -0.536 and -0.643 

respectively, P < 0.05). Plant inclusion in the diets also showed a negative correlation with dry matter, 
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fat, energy and organic matter ADCs (r = -0.473, -0.498, -0.530 and -0.51 respectively, P < 0.05). The 

ADC of individual amino acids among the experimental diets differed in 13 out of the 18 amino acids 

studied here (P < 0.05). Moreover, in European sea bass the ADC of individual amino acids showed a 

significant positive correlation (P < 0.05) with the adjusted protein ADC in all amino acids except 

taurine. The ADC of the sum of amino acids was significantly higher in the ZM diet (95.9 ± 0.2%) 

compared to HI diet (94.1 ± 0.6%, P < 0.05), while the rest of the diets exhibited similar total amino 

acid ADC among each other (P > 0.05). Lastly, the dietary amino acid content affected positively (P < 

0.05) the corresponding amino acid ADC in seven out of the 13 amino acids that exhibited significant 

differences. 

In gilthead sea bream, the ADCs of dry matter, protein, adjusted protein, energy and organic 

matter were similar among the experimental diets (P > 0.05). Removal of the nitrogen linked to ADF 

from feed and faeces resulted in significant increase of the protein ADC (adjusted protein ADC 89.6 - 

92.4% and protein ADC 89.0 - 91.5%, P < 0.05). The fat ADC of TM diet (73.6 ± 0.7%) was 

significantly lower compared to all the other diets (78.9 - 84.3%, P < 0.05), while HI, MD, ZM and 

AD diets had similar fat ADCs among each other as well as with FM diet (P > 0.05). The substitution 

of FM with insect meals did not affect ADF ADC (P > 0.05). However, among the insect diets, ZM 

had the highest ADF ADC (P < 0.05). Dietary ADF content was positively correlated with dry matter 

and energy ADC (r = 0.567 and 0.536 respectively, P < 0.05). The individual amino acids ADCs 

among the experimental diets was similar (P > 0.05), except for methionine. The ADC of the latter 

appeared to be positively correlated with the adjusted protein ADC (r = 0.556, P < 0.05), and no 

correlation was observed with dietary methionine content (r = 0.445, P > 0.05). The ADC of the sum 

of amino acids was similar among the different diets (P > 0.05). 

 

4. Discussion  

The present study highlights the differentiation in digestibility of innovative insect meal diets 

in a species-specific manner. In European sea bass, TM and MD diets had similar or even slightly 

better digestibility  than FM, due to the higher adjusted protein ADCs while the other coefficients 
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were similar. The ZM diet had   lower dry matter ADC yet higher protein and adjusted protein ADCs 

in comparison to FM. On the contrary, diets HI and AD presented inferior overall digestibility values 

compared to FM based diet.  

Dry matter, fat, organic matter and energy ADCs exhibited negative correlation with the 

dietary plant inclusion. It has been found that diet extrusion can improve complex carbohydrates’ 

bioavailability (e.g. starch) and increase diet digestibility (Anvo et al., 2017; Caimi et al., 2020). All 

the experimental diets in the present study were not extruded and the incorporation of plant feedstuffs, 

which contained complex carbohydrates, may have reduced their nutrient digestibility. Furthermore, it 

has been reported that dietary ash can adversely affect protein digestibility (Robaina et al., 1997). 

Following  20% inclusion of insect meals in the diet of European sea bass, Basto et al. (2020) 

observed an improved dry matter, protein, energy and fat digestibility in the TM diets compared to the 

HI, whereas locust inclusion led to a lower digestibility. Those authors attributed their results to the 

higher ash and chitin content of HI meal and to the higher ADF, crude fiber and ash of locust meal 

(Basto et al., 2020). The inclusion of grasshopper meal (Zonocerus variegatus) up to 16.4% had no 

negative effects on nutrient digestibility, while further inclusion resulted in reduced dry matter, 

protein, and fat digestibility of African catfish (Clarias gariepinus) due to the increased incorporation 

of digestion resistant components, such as ash and chitin (Alegbeleye et al., 2012). The reduction of 

protein and energy digestibility of diets with 15% MD in Nile tilapia , as well as the reduction of fat 

and dry matter digestibility of diets with 30% MD, were also attributed to the high ash content of MD 

diets (Ogunji et al., 2008). In the present study, the differences observed in protein and adjusted 

protein ADCs in European sea bass could be, to some extent, due to the dietary ash content as 

indicated by their negative correlation coefficients. In addition, dietary crude fiber was negatively 

correlated with the ADCs of dry matter, fat, energy and organic matter. The lower dry matter, protein, 

and fat digestibility of red tilapia (Oreochromis spp.) fed with 30% ZM was attributed to the low 

protein content and the poor amino acid composition of ZM meal (Jabir et al., 2012b). In the present 

study, the incorporation of insect meals did not affect the amino acid composition of the diets and 

therefore the observed differences are not likely to be a result of the amino acid differences.  
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According to literature, the reduction of digestibility is greatly related to the presence of 

chitin. An in vitro digestibility experiment showed that insects chitin is a major factor in protein 

digestibility reduction (Marono et al., 2015). In the diets of hybrid tilapia (O. niloticus x O. aureus), 

dry matter digestibility showed a reduction as the inclusion of chitin was increased (Shiau and Yu, 

1999). Chitin digestion could assist in alleviating its effects on digestibility. It has been found that 

lysozyme, an antimicrobial enzyme which is present in all fish species and forms part of their innate 

immune system, can use chitin as a substrate (Fines and Holt, 2010), although an effective chitin 

digestion requires the presence of chitinase and chitobiase (Henry et al., 2015). Some studies 

confirmed the presence of chitinase on stomach and gut mucosa, pyloric caeca and pancreas of some 

fish species (Fontes et al., 2019), for example in Atlantic cod (Gadus morhua; Danulat and Kausch, 

1984) and cobia (Rachycentron canadum; Fines and Holt, 2010). Nevertheless, the ability to 

hydrolyse chitin is limited or absent in most fish species. Fish include chitin in their natural diet 

through consumption of crustaceans as well as insects in the case of freshwater fish. However, chitin 

fibers in both crustaceans and insects are arranged in the cuticles by forming bonds with protein, 

minerals, fat or other compounds thus reducing the accessibility of digestive enzymes to these 

nutrients as described in Henry et al. (2015). According to previous studies, dietary chitin resulted in 

the reduction of dry matter, protein and energy digestibility of insect meal diets in Nile tilapia (30% 

MD inclusion; Ogunji et al., 2009) and meagre (Argyrosomus regius, 10-30% HI; Guerreiro et al., 

2020), lower protein, fat and amino acids digestibility in Atlantic salmon (Salmo salar, 60% HI; 

Belghit et al., 2018), reduced fat digestibility in rainbow trout ( 20% HI; Dumas et al., 2018) and 

lower protein digestibility in Siberian sturgeon (Acipenser baerii, 18.7-37.5% defatted HI; Caimi et 

al., 2020) and tench (Tinca tinca, 5% TM; Fabrikov et al., 2020). However, it is important to 

emphasize that chitin content may differ among insect species as well as within species depending on 

the developmental stages (Erdogan and Kaya, 2016). Higher dry matter, protein, adjusted protein, 

energy and chitin digestibility were observed in diets with beetles’ insect meals (TM and ZM) 

compared to insect meals from cockroaches and crickets (Νauphoeta cinerea, Gromphadorhina 

portenosa and Gryllus assimilis) in Nile tilapia, due to the lower chitin content (Fontes et al., 2019). 
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Despite the differences observed in the present study on the nutrient digestibility of HI diet in 

European sea bass, it could be suggested that the digestibility decrease was very small (4.3%, 0.9% 

and 3.9% decrease in dry matter, adjusted protein and organic matter ADCs compared to FM diet) and 

could not affect growth performance. In addition, the coefficients of variation of the nutrient ADCs 

between diets HI and FM were very low, ranging from 1% for protein and adjusted protein to 4% for 

dry matter digestibility. Indeed, in a three-month growth trial with a similar diet design in European 

sea bass, fish fed the HI diet performed equally well as the FM group (Mastoraki et al., 2020). 

Therefore, it is likely that the growth performance parameters of European sea bass fed diets with 

19.5% inclusion of ZM or AD would be similar to the FM group if they were tested in a growth trial, 

given that herein the protein and adjusted protein digestibility were similar (AD) or higher (ZM) 

compared to the FM diet.  

Regarding gilthead sea bream, the ADCs of dry matter, organic matter, protein, adjusted 

protein and energy were not affected by the different dietary treatments. In accordance with our 

results, the incorporation of insect meals did not alter nutrient digestibility in carp (Cyprinus carpio, 

30% MD; Ogunji et al., 2009), European sea bass (19.5% HI; Magalhães et al., 2017), Nile tilapia 

(43% MD for total fishmeal replacement; Wang et al., 2017), rainbow trout (up to 50% TM or up to 

40% HI; Belforti et al., 2015; Renna et al., 2017; Rema et al., 2019; Chemello et al., 2020; Fabrikov et 

al., 2020), Atlantic salmon (30% inclusion of HI in low FM diets; Fisher et al., 2020), and Siberian 

sturgeon (30% HI; Rawski et al., 2020). In addition, dry matter, protein, and fat digestibility in 

gilthead sea bream was similar between the FM diet and the diet with 25% TM (Piccolo et al., 2017). 

However, a higher dietary inclusion level resulted in decreased digestibility, due to the increased 

chitin content which acted dose-dependently (Piccolo et al., 2017). Furthermore, protein digestibility 

of diets in which FM was substituted with TM was higher compared to the HI diets in gilthead sea 

bream, probably due to the higher chitin content of HI (Fabrikov et al., 2020). 

In contrast to our results, Piccolo et al. (2017) feeding larger size gilthead sea breams (86.97 g) 

in higher water temperature (22 ± 1°C), observed higher dry matter and fat digestibility of the FM diet 

(84.3%, and 87.8% respectively) compared to the present results (71.07% and 80.59% respectively), 

while the protein digestibility herein was higher (90.26% in the present study, 85.5% in Piccolo et al., 
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2017). The observed differences could be due to the different fish size, the different experimental 

conditions, the protocol of collection and processing of faeces and the quality of the dietary 

ingredients (Hua, 2020). Despite the low values of fat and energy digestibility (83.2% and 82.7% 

respectively) observed in sea bream, the results are in agreement with a previous study in which  

gilthead sea bream was fed with a diet which also contained 650 g/kg FM (83.4% and 82.3% 

respectively; Davies et al., 2009).  

Herein, fat ADC of the TM diet was significantly lower compared to the other five diets. 

Taurine has been reported to contribute to bile salts formation and facilitate fat digestion (Gómez-

Requeni et al., 2004). However, in the present study, a correlation between fat ADC and dietary 

taurine content was not found probably due to the low taurine concentration of diets (Kotzamanis et 

al. 2020). The reduced fat digestibility observed in turbot (Psetta maxima) fed HI was attributed to the 

higher content of the HI diets in saturated fatty acids and chitin (Kroeckel et al., 2012). Dietary fatty 

acid composition, especially the ratio of saturated, mono-unsaturated and poly-unsaturated fatty acids 

can affect fat digestibility. Individual fatty acids digestibility depends on the level of saturation, the 

carbon chain length and the melting point (Basto et al., 2020; Hua, 2020). Higher digestibility is 

observed in unsaturated fatty acids, while saturated fatty acids have reduced digestibility, especially 

when their carbon chain length is increased (Panini et al., 2017). Moreover, it has been reported that 

fish lipase has higher affinity to long-chain poly-unsaturated fatty acids, which increases their 

absorption (Magalhães et al., 2017). On the contrary, chitin has great ability to form ionic bonds with 

fat and bile, which reduces their hydrolysis by lipase and therefore, reduces fat digestibility (Piccolo 

et al., 2017). Additionally, chitin consumption reduces bile salts formation and by extension fat 

digestibility, given that bile acid is essential for the activation of lipase and efficient fat absorption 

(Piccolo et al., 2017). According to the above, a reduced fat digestibility was expected in HI and MD 

diets due to their higher chitin (Table 1) and saturated fatty acids content (Mastoraki et al., 2020) 

compared to TM and FM diets. However, no such observations were noted herein and the reason for 

the reduced fat digestibility of the TM diet is unclear. 

 Significantly higher ADF ADC was observed in ZM diet, probably due to the higher ADF 

content of ZM as indicated by the positive correlation. Moreover, a positive correlation was observed 
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among dietary ADF and dry matter, organic matter and energy ADCs. Therefore, FM substitution in 

the diets of gilthead sea bream with these insect meals may have been successful even in higher levels 

of inclusion (higher ADF), without any negative effects or even with a positive effect on the 

digestibility. Many studies have indicated that insect meal inclusion may improve digestibility, for 

example the incorporation of 30% and 7.6 - 26.1% silkworm meal (Bombyx mori) in carp (Nandeesha 

et al., 1990) and rohu (Labeo rohita; Begum et al., 1994) respectively, the inclusion of 30% cricket 

meal (Gryllus bimaculatus) in African catfish (Taufek et al., 2016), the 15% substitution of plant 

proteins with HI in European sea bass (Pérez-Pascual et al., 2020) and the inclusion of 25% TM in 

European sea bass (Gasco et al., 2016).  

The individual amino acid ADCs were very high in all experimental diets (90.9 – 98.0% for 

European sea bass and 88.9 – 97.2% for gilthead sea bream) indicating a sufficient uptake by both fish 

species. Additionally, in sea bream the average essential amino acid ADC of the insect meal diets 

(91.9% - 94.5%) was similar to each other and slightly higher compared to premium quality FM 

(90.2%; Davies et al., 2009). In contrast, the average essential amino acid ADC of the insect meal 

diets in sea bass (94.2% - 95.8%) was slightly lower than premium quality FM (96.3%; Davies et al., 

2009) and also similar to each other. Lysine and methionine are the first limiting amino acids in most 

formulated diets for aquaculture (Halver and Hardy, 2002). In both fish species, lysine and methionine 

digestibilities were very high and ranged between 93.1% - 97.2% and 93.2% - 98.0% for sea bream 

and sea bass, respectively. Methionine is pivotal for several processes of fish physiology including 

proper protein synthesis (Wilson, 2003). Inclusion of insect meals did not negatively affect 

methionine digestibility. Contrariwise, both TM and ZM diets in sea bass and AD in sea bream 

favoured the digestibility of this specific amino acid. In both fish species, the highest digestible amino 

acids were methionine, lysine and arginine. An antagonistic interaction has been previously observed 

between arginine and lysine during the transport across the brush border membrane (Berge et al., 

1999). Arginine and lysine have similar structure and share a common carrier for absorption by the 

intestinal epithelium (Berge et al., 1999). Excess dietary lysine can reduce arginine uptake and vice 

versa, however arginine displays a stronger inhibitory effect on lysine uptake due to its higher affinity 

for the carrier (Murillo-Gurrea et al., 2001; Hoseini et al., 2020). Herein, no such observations were 
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detected and both lysine and arginine were highly digestible. The reduced phenylalanine ADCs in 

both fish species could be related to the involvement of the aromatic amino acids in the chitin-protein 

links (Muthukrishnan et al., 2012), which could reduce the bioavailability of the aforementioned 

amino acid. Regarding formulated diets containing non-protein nitrogen, the determination of the total 

amino acid digestibility may give an insight into the “true protein digestibility” (Booth and Pirozzi, 

2021). In sea bream the sum of amino acids ADC did not differ among the experimental diets. On the 

other hand, in sea bass the “true protein digestibility” as expressed by the sum of amino acids was not 

affected by the insect inclusion compared to the FM diet, however a significant difference was 

observed between the ZM and HI diets. Similarly, in a study with Atlantic salmon fed diets containing 

up to 35% HI meal or paste, the total amino acid digestibility was not affected, while protein 

digestibility was displayed as reduced, due to interference of chitin in the overall results  

(Weththasinghe et al., 2021). In European sea bass the variation in crude protein and adjusted protein 

digestibility was strongly reflected on the amino acid digestibility among the experimental diets, as 

the significant positive correlations indicated. Despite the significant differences in the amino acid 

digestibility, the numerical differences amongst the experimental values were marginal. 

In order to explore digestibility, it is imperative to highlight that digestive processes are 

directly mediated by fish gut microbiota. In specific, the prominent role of gut in nutrient digestion 

and absorption is highly contributed to enzyme-producing bacteria, which facilitate the utilization of 

feed ingredients that host-organism would not otherwise be able to digest (Ray et al., 2012). Bacteria 

belonging to several genera, e.g. Acinetobacter, Enterobacter, Pseudomonas and Aeromonas, have 

been reported to produce a variety of digestive enzymes such as lipases and proteases (Ray et al., 

2012; Egerton et al., 2018). Different consumed diets may influence the bacterial metabolic 

contribution, since diet is considered to be a key modifiable factor in shaping and maintaining a 

functional gut microbiota (Miyake et al., 2015). According to Panteli et al. (2021), dietary inclusion of 

TM, HI and MD at 19.5% led to the enhancement of Aeromonas and Pseudomonas in the gut of D. 

labrax and S. aurata. Thus, alterations in digestibility, e.g., increased protein digestibility, that were 

observed in our study may be associated with differential responses of fish microbiota to the insect 

meals. 
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5. Conclusions 

In conclusion, our results demonstrated that the 30% substitution of fish meal with five 

different insect meals in the diets of European sea bass and gilthead sea bream had minimal impact on 

the nutrient, amino acid and energy digestibility. In European sea bass, compared to the FM diet, TM 

and MD diets had similar or even slightly better digestibility, while ZM diet had higher protein and 

adjusted protein digestibility. Diets HI and AD presented slightly inferior overall digestibility 

compared to FM, with lower or similar nutrient digestibility coefficients, probably due to a 

combination of plant ingredients inclusion, dietary ash and crude fiber content. However, the 

differences were minute. The variation in crude protein and adjusted protein ADCs was strongly 

reflected on the individual amino acid ADCs in sea bass, while the sum of amino acids ADC was not 

affected by the insect meals inclusion compared to the FM diet. In gilthead sea bream all nutrient 

digestibility coefficients were similar among the experimental diets except for TM which exhibited 

lower fat digestibility. Overall, amino acid digestibility was not affected by the different experimental 

diets. The present study demonstrated that diets including 19.5% of the five examined insect meals 

did not negatively affect nutrient digestibility in sea bass and sea bream. 
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Table 1: Ingredients and proximate composition of the experimental diets 

 Dicentrarchus labrax Sparus aurata 

 
FM TM HI MD ZM AD FM TM HI MD ZM AD 

Ingredients (g/kg) 

Fish 650 455 455 455 455 455 650 455 455 455 455 455 
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meal  

Insect 

larvae 

meal 

0 195 195 195 195 195 0 195 195 195 195 195 

Fish 

oil 
100 60 97 62 13 53 90 50 95 63 11 53 

Wheat 164 172 152 175 193 190 159 154 138 156 179 174 

Wheat 

gluten 

meal 

69 84 68 91 113 78 63 92 62 87 106 80 

Vitam

in & 

minera

l mixa 

2.5 2.5 2.5 2.5 2.5 2.5 25 25 25 25 25 25 

DL-

methi

onine 

5 10 9 3 9 9 3 7 7 0 7 6 

L-

lysine 
0 12 12 7 10 8 0 12 13 9 12 2 

Celite 10 10 10 10 10 10 10 10 10 10 10 10 

Proximate composition (as fed)  

Crude 

protei

n 

551±

1 

537±

13 

541±

1 

537±

11 

547±

10 

557±

10 

573±

14 

571±

17 

565±

29 

553±

36 

525±

10 

543±

15 

Adjust

ed 

protei

nb 

537 522 507 516 518 524 562 529 530 533 498 526 

Crude 

Fat 

175±

8 

172±

10 

155±

12 

160±

4 

141±

9 

117±

17 

131±

4 

130±

2 

132±

0 

137±

0 

159±

1 

146±

19 

Ash 
99±2 89±1 98±5 93±2 83±7 89±0 111±

1 

101±

5 

112±

1 

113±

4 

99±1 96±1 

Crude 

Fiber 

10±1 28±0 31±3 14±1 34±4 41±1 15±1 22±0 36±2 26±2 34±0 45±6 

Acid 

deterg

ent 

fiber 

79±1

2 

41±1

2 

85±4 78±2 85±4 77±2 63±3 49±5 81±2 63±8 79±1

2 

41±1

2 

Energ

y 

20.3

±0.0 

20.7

±0.1 

19.6

±0.1 

19.8

±0.1 

19.9

±0.3 

19.5

±0.2 

22.5

±0.1 

22.4

±0.2 

22.5

±0.1 

22.4

±0.1 

19.9

±0.0 

20.5

±0.1 

Chitin
c 

0 11 13 14 8 8 0 11 13 14 8 8 

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

ZM, Zophobas morio; AD, Alphitobius diaperinus 
a 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 2,600 (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 71,250 (mg), BHA (E320) 3,000 (mg) 

Nutrients expressed as g/kg and energy as MJ kg-1 
b Protein adjusted for the acid insoluble nitrogen 
c Chitin estimated based on the insect inclusion and the chitin content of the individual insect meals 

(TM, 6.34%; HI, 7.06%; MD, 7.73%; ZM, 4.78%; AD, 4.73%). 
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Table 2: Amino acid composition (g/kg, as fed basis) of the experimental diets  

 
Dicentrarchus labrax Sparus aurata 

IA

As 

FM 
TM HI MD ZM AD FM TM HI MD ZM AD 

Ar

g 

24.3±

0.2 

20.7±

0.8 

23.3±

0.1 

24.0±

0.2 

23.7±

0.6 

24.4±

0.3 

30.0±

0.6 

24.8±

0.1 

27.3±

0.2 

27.4±

0.7 

21.9±

0.2 

23.8±

0.5 

His 
10.5±

0.1 

11.2±

0.3 

11.2±

0.1 

11.5±

0.3 

10.6±

0.1 

11.2±

0.0 

10.6±

0.4 

10.6±

0.0 

10.4±

0.1 

11.0±

0.3 

10.0±

0.0 

11.4±

0.1 

Ile 
18.7±

0.1 

19.9±

0.3 

19.0±

0.4 

18.5±

0.1 

19.5±

0.4 

19.9±

0.4 

22.5±

0.3 

20.8±

0.1 

21.7±

0.1 

21.3±

0.1 

18.4±

0.8 

19.3±

0.3 

Le

u 

34.6±

0.1 

35.0±

0.4 

33.5±

0.4 

33.6±

0.4 

35.0±

0.7 

35.5±

0.8 

41.0±

0.5 

37.7±

0.4 

39.1±

0.0 

38.9±

0.4 

32.5±

0.4 

34.5±

0.4 

Lys 
32.3±

0.0 

28.5±

0.4 

28.8±

0.4 

30.2±

1.6 

28.4±

0.5 

31.0±

0.7 

37.7±

0.1 

39.9±

0.3 

41.6±

1.1 

42.7±

1.6 

26.6±

0.4 

30.0±

0.2 

Me

t 

16.9±

0.1 

20.2±

1.1 

18.0±

0.1 

14.9±

0.1 

20.2±

0.0 

20.5±

0.7 

15.3±

0.4 

19.9±

0.1 

16.1±

0.4 

15.6±

0.1 

15.8±

0.4 

18.9±

1.4 

Phe 
19.7±

0.0 

19.3±

0.3 

19.3±

0.2 

23.5±

0.7 

19.2±

0.1 

19.9±

0.3 

21.3±

0.6 

18.2±

0.1 

19.8±

0.1 

23.3±

0.6 

17.7±

0.3 

19.2±

0.6 

Thr 
18.9±

0.1 

17.1±

0.3 

18.3±

0.2 

18.7±

0.1 

18.7±

0.4 

19.3±

0.4 

23.3±

0.4 

21.0±

0.1 

22.4±

0.3 

22.9±

0.6 

17.4±

0.1 

18.8±

0.1 

Val 
22.5±

0.1 

24.7±

0.3 

23.8±

0.4 

22.6±

.1 

23.8±

0.3 

23.3±

0.3 

26.0±

0.3 

25.9±

0.2 

26.3±

0.1 

25.3±

0.3 

23.3±

1.0 

24.1±

0.3 

DA

As 

 

           

Ala 
26.0±

0.0 

28.3±

0.1 

27.4±

0.2 

24.0±

0.7 

29.6±

0.5 

30.5±

0.6 

31.6±

0.2 

32.5±

0.4 

31.6±

0.4 

30.9±

0.8 

28.7±

1.1 

30.1±

0.0 

As

x 

37.3±

0.1 

33.9±

0.4 

36.5±

0.3 

36.6±

2.0 

38.5±

0.7 

41.4±

0.4 

40.8±

0.4 

38.6±

0.0 

40.3±

0.8 

45.9±

3.9 

36.7±

0.6 

40.4±

0.1 

Cy

s 

2.2±0

.1 

2.1±0

.0 

2.0±0

.1 

2.3±0

.0 

2.0±0

.0 

1.9±0

.1 

2.8±0

.0 

2.3±0

.1 

2.3±0

.1 

2.5±0

.0 

1.5±0

.1 

1.6±0

.1 

Glx 
75.8±

0.3 

76.1±

0.3 

73.5±

0.1 

78.8±

1.5 

86.3±

1.0 

84.7±

0.4 

82.2±

0.1 

77.1±

0.1 

79.3±

2.1 

87.6±

5.9 

81.2±

0.5 

80.4±

0.7 

Gly 
24.8±

0.1 

24.4±

0.4 

24.3±

0.3 

23.1±

0.4 

24.4±

0.4 

25.0±

0.4 

29.8±

0.5 

25.2±

0.4 

27.0±

0.5 

25.5±

0.6 

23.3±

0.4 

24.7±

0.4 

Pro 
23.5±

0.1 

27.8±

0.0 

26.0±

0.1 

25.1±

0.1 

28.0±

0.4 

27.3±

0.2 

28.4±

0.2 

29.2±

0.3 

29.4±

0.5 

27.6±

0.2 

26.5±

0.4 

26.4±

0.3 

Ser 
19.0±

0.1 

17.9±

0.2 

19.0±

0.0 

19.4±

0.1 

20.3±

0.4 

20.3±

0.4 

24.2±

0.6 

21.8±

0.2 

23.6±

0.0 

23.5±

0.3 

18.9±

0.1 

19.9±

0.3 

Tyr 
12.6±

0.1 

12.4±

0.3 

15.1±

0.4 

16.7±

0.5 

15.9±

0.4 

16.6±

0.0 

15.1±

0.4 

17.2±

0.0 

16.3±

0.4 

18.6±

0.9 

14.9±

0.2 

16.8±

0.4 

Ta

u 

5.5±0

.1 

4.2±0

.0 

4.0±0

.0 

4.1±0

.1 

3.3±0

.0 

4.0±0

.0 

3.8±0

.1 

3.2±0

.1 

2.3±0

.1 

2.4±0

.0 

3.3±0

.3 

3.8±0

.1 

Abbreviations: IAA, indispensable amino acids; DAAs, dispensable amino acids; Asx, sum of 

asparagine and aspartate; Glx, sum of glutamine and glutamate 

 

 

 

Table 3. Apparent digestibility coefficients (ADCs %) of nutrients and energy of diets in which 30% 

of fish meal (FM) was substituted with different insect meals (TM: Tenebrio molitor, HI: Hermetia 
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illucens, MD: Musca domestica, ZM: Zophobas morio or AD: Alphitobius diaperinus) 

ADC (%) FM TM HI MD ZM AD 

Dicentrarchus labrax 

Dry matter 77.4±0.3a 77.4±0.4a 73.1±0.7bc 76.6±0.7ab 71.7±1.3c 69.9±0.6c 

Protein 91.6±0.1b 92.3±0.2ab 89.6±0.5c 91.8±0.1b 93.2±0.3a 91.2±0.1b 

Adjusted Protein 1 91.9±0.2bc 93.4±0.2a 91.1±0.6c 92.7±0.1ab 93.6±0.2a 92.0±0.1b 

Fat 92.2±0.2 92.4±0.1 91.2±0.3 92.2±0.9 88.6±1.8 87.5±1.5 

ADF 89.3±0.7a 59.2±1.2d 67.5±0.8c 78.1±0.5b 85.1±1.7a 75.63±0.8b 

Energy 86.3±0.2a 86.6±0.1a 84.5±0.5ab 85.1±0.5a 82.1±1.0b 82.3±0.4b 

Organic matter 83.8±0.3a 82.4±0.2ab 79.9±0.6bc 82.2±0.7ab 78.4±1.1c 78.6±0.4c 

Sparus aurata 

Dry matter 70.3±0.1 66.5±0.2 73.0±0.6 70.5±1.3 74.0±1.0 72.0±3.4 

Protein 89.0±0.5 89.6±1.6 89.5±0.1 90.9±0.1 91.5±0.2 91.1±0.9 

Adjusted Protein 1 89.6±0.5 91.1±1.8 91.1±0.1 92.4±0.2 92.1±0.2 92.1±0.8 

Fat 83.2±0.6a 73.6±0.7b 82.8±1.5a 78.9±0.9a 84.3±1.6a 80.7±2.6a 

ADF 61.3±5.1ab 48.4±4.4b 59.8±1.2b 53.5±1.2b 78.3±0.5a 46.7±5.8b 

Energy 82.7±0.6 79.5±1.2 84.5±0.7 83.1±0.8 82.9±1.0 82.4±2.3 

Organic matter 78.2±0.4 74.2±0.9 80.1±0.9 78.1±1.3 80.1±0.9 79.0±2.8 

Within rows, different letters denote statistically significant difference (P < 0.05). Mean ± standard 

error, n=3 tanks per diet 
1Adjusted for the acid insoluble nitrogen 

Table 4: Amino acid digestibility (ADC %) of diets in which 30% of fish meal (FM) was substituted 

with different insect meals (TM: Tenebrio molitor, HI: Hermetia illucens, MD: Musca domestica, 

ZM: Zophobas morio or AD: Alphitobius diaperinus) in European sea bass Dicentrarchus labrax 

 
FM TM HI MD ZM AD r feed 

r adjusted 

protein 

digestibility 

IAAs 
      

  

Arg 
95.4±0.

6 

96.2±0.

2 
95.5±0.7 96.4±0.1 96.6±0.2 96.1±0.5 -0.317 0.585* 

His 
94.0±0.

7 

94.8±0.

4 
93.9±0.5 95.4±0.2 95.3±0.2 93.7±0.2 0.323 0.736*** 

Ile 
93.1±0.

4b 

94.7±0.

2ab 

93.0±0.7
b 

93.9±0.1
b 

95.3±0.2
a 

94.0±0.2
ab 

0.630*

* 
0.891*** 

Leu 
94.0±0.

3bc 

95.2±0.

2a 

93.7±0.5
c 

94.6±0.1
abc 

95.8±0.3
a 

94.7±0.2
abc 

0.643*

* 
0.911*** 

Lys 
95.7±0.

3 

96.3±0.

1 
95.4±0.5 95.9±0.0 96.1±0.2 94.5±0.9 -0.191 0.754*** 

Met 
95.7±0.

6c 

98.0±0.

1a 

96.8±0.5
abc 

96.2±0.0
bc 

97.8±0.1
ab 

97.4±0.4
abc 

0.837*

** 
0.529* 

Phe 
92.8±0.

5b 

94.9±0.

2a 

93.2±0.8
ab 

94.4±0.1
ab 

94.8±0.2
a 

93.5±0.4
ab 

0.066 0.920*** 

Thr 
93.7±0.

4ab 

94.2±0.

2ab 

93.2±0.6
b 

94.2±0.1
ab 

95.1±0.2
a 

94.0±0.2
ab 

-0.047 0.806*** 

Val 
93.8±0.

4bc 

94.8±0.

2ab 

93.2±0.5
c 

94.4±0.1
abc 

95.4±0.3
a 

93.7±0.2
bc 

0.241 0.922*** 

DAAs 
      

  

Ala 
93.9±0.

4ab 

94.8±0.

3ab 

93.2±0.5
b 

94.3±0.0
ab 

95.6±0.3
a 

94.4±0.2
ab 

0.524* 0.889*** 

Asx 
91.8±0.

5 

93.2±0.

3 
91.9±0.8 92.8±0.1 93.8±0.2 92.7±0.4 0.179 0.798*** 

Cys 
91.6±0.

6ab 

93.9±0.

1ab 

90.9±0.8
b 

93.8±0.1
ab 

95.1±0.3
a 

94.3±1.4
ab 

-0.348 0.754*** 

Glx 96.1±0. 97.0±0. 95.8±0.5 96.8±0.0 97.1±0.1 96.2±0.2 0.536* 0.967*** 
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4 1 

Gly 
93.8±0.

6a 

93.9±0.

3a 

92.0±0.5
b 

94.4±0.1
a 

94.7±0.3
a 

93.5±0.3
ab 

-0.298 0.771*** 

Pro 
95.8±0.

3ab 

96.4±0.

1a 

95.0±0.4
b 

96.5±0.0
a 

96.6±0.2
a 

95.5±0.2
ab 

0.335 0.915*** 

Ser 
93.4±0.

5ab 

93.5±0.

5ab 

92.9±0.6
b 

94.5±0.1
ab 

95.3±0.2
a 

93.9±0.4
ab 

0.593*

* 
0.721*** 

Tyr 
93.6±0.

6b 

94.5±0.

4b 

93.6±0.7
b 

95.1±0.1
ab 

96.8±0.2
a 

95.6±0.4
ab 

0.593*

* 
0.620** 

Tau 
91.9±1.

7ab 

95.3±0.

3a 

93.3±0.0
ab 

94.0±0.1
ab 

91.7±0.5
b 

92.8±0.1
ab 

0.561* 0.201 

Sum 

of AA 

94.4±0.

5ab 

95.4±0.

2ab 

94.1±0.6
b 

95.1±0.1
ab 

95.9±0.2
a 

94.7±0.2
ab 

0.498* 0.953*** 

Abbreviations: IAAs, indispensable amino acids; DAAs, dispensable amino acids; Asx, sum of 

asparagine and aspartate; Glx, sum of glutamine and glutamate 

Mean ± standard error, n = 3 tanks per diet. Different letters indicate statistically significant difference 

(P < 0.05). In the correlation analysis an asterisk (*) indicates significance at the 0.05 level, ** at the 

0.01 level and *** at the 0.001 level 

 

Table 5: Amino acid digestibility (ADC %) of diets in which 30% of fish meal (FM) was substituted 

with different insect meals (TM: Tenebrio molitor, HI: Hermetia illucens, MD: Musca domestica, 

ZM: Zophobas morio or AD: Alphitobius diaperinus) in gilthead sea bream Sparus aurata 

 
FM TM HI MD ZM AD r feed 

r adjusted 

protein 

digestibility 

IAAs 
      

  

Arg 
93.2±0.

7 

92.7±1.

4 

94.7±0.

5 

94.2±0.

1 

94.2±1.

2 

94.6±1.

0 
-0.129 0.437 

His 
89.1±0.

8 

89.9±1.

7 

91.1±0.

8 

91.3±0.

4 

92.9±0.

5 

93.5±1.

0 
0.085 0.620** 

Ile 
91.4±1.

2 

91.0±1.

8 

92.9±0.

6 

92.9±0.

4 

93.8±0.

4 

94.0±0.

8 

-

0.524* 
0.467* 

Leu 
92.6±1.

1 

91.6±1.

6 

93.5±0.

6 

93.6±0.

4 

94.7±0.

3 

94.9±0.

7 

-

0.599*

* 

0.420 

Lys 
93.9±1.

0 

94.4±1.

3 

95.8±0.

4 

95.4±0.

3 

95.3±0.

4 

95.6±0.

6 
0.135 0.573* 

Met 
93.1±0.

8b 

95.7±0.

9ab 

95.6±0.

5ab 

94.6±0.

1ab 

96.1±1.

0ab 

97.2±0.

6a 
0.455 0.556* 

Phe 
89.7±1.

1 

89.6±1.

9 

91.7±0.

8 

90.7±0.

5 

93.1±0.

9 

93.3±1.

00 
-0.442 0.453 

Thr 
92.5±1.

1 

91.2±1.

5 

93.4±0.

5 

93.4±0.

4 

93.5±0.

2 

93.9±0.

8 
-0.179 0.408 

Val 
91.7±1.

2 

90.9±1.

7 

92.7±0.

6 

93.0±0.

4 

93.8±0.

3 

93.8±0.

8 

-

0.630*

* 

0.534* 

DAAs 
      

  

Ala 
92.5±1.

0 

91.8±1.

5 

93.0±0.

4 

93.8±0.

4 

94.3±0.

3 

94.2±0.

8 

-

0.505* 
0.657** 

Asx 
88.8±1.

2 

89.0±1.

7 

90.9±0.

5 

91.6±0.

3 

92.5±0.

6 

92.7±1.

1 
-0.053 0.631** 

Cys 
93.1±0.

6 

92.6±0.

7 

94.6±0.

6 

95.5±0.

3 

93.2±1.

3 

94.6±0.

8 
-0.041 0.364 
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Glx 
93.5±1.

0 

92.8±1.

6 

94.5±0.

4 

95.0±0.

2 

95.9±0.

4 

95.8±0.

7 
0.141 0.569* 

Gly 
91.4±0.

8 

89.7±1.

2 

90.7±0.

4 

91.8±0.

4 

92.6±0.

6 

92.5±1.

2 

-

0.517* 
0.513* 

Pro 
94.2±0.

7 

93.3±1.

2 

94.3±0.

3 

94.9±0.

2 

95.0±0.

4 

94.4±0.

8 
-0.241 0.585* 

Ser 
92.3±0.

9 

90.8±1.

4 

93.0±0.

4 

93.4±0.

3 

93.4±0.

7 

93.4±1.

0 
-0.129 0.484* 

Tyr 
91.8±0.

7 

92.4±1.

4 

93.2±0.

5 

93.1±0.

4 

95.0±0.

9 

94.9±0.

8 
-0.085 0.614** 

Tau 
93.3±1.

2 

93.4±0.

6 

92.2±0.

5 

94.4±0.

6 

95.2±0.

8 

95.6±0.

7 
0.335 0.321 

Sum of 

AA 

92.3±0.

9 

91.9±1.

5 

93.5±0.

5 

93.6±0.

3 

94.4±0.

5 

94.5±0.

8 
-0.386 0.523* 

Abbreviations: IAAs, indispensable amino acids; DAAs, dispensable amino acids; Asx, sum of 

asparagine and aspartate; Glx, sum of glutamine and glutamate 

Mean ± standard error, n = 3 tanks per diet. Different letters indicate statistically significant difference 

(P < 0.05). In the correlational analysis an asterisk (*) indicates significance at the 0.05 level, ** at the 

0.01 level and *** at the 0.001 level 
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Highlights 

 In sea bream overall digestibility was not affected by the different insect meals. 

 Diets with Tenebrio molitor or Musca domestica performed equally well in sea bass. 

 Hermetia illucens or Alphitobius diaperinus diets had lower digestibility. 

 Insect meal inclusion did not affect true protein digestibility.  
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