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1  | INTRODUC TION

Global population is in constant growth, and so is its global protein 
demand. Aquaculture has been highlighted as one of the best pos-
sibilities to satisfy animal protein demand due to the remarkable ef-
ficiency of fish growth in comparison with terrestrial animals (Fry, 

2018), and to its fast development as an industrial food sector. The 
most commonly farmed fish require aquafeeds with a high content in 
protein, whose demand has been traditionally satisfied with a signif-
icant inclusion of fishmeal (FM) in fish feeding formulations. In order 
to favour this continuous development in a sustainable way, the 
scientific and industrial communities have invested big efforts on 
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Abstract
The aquaculture industry is diminishing the amount of fishmeal needed to maintain 
its protein demand. Alternatives are tested in this way, being insects one of the most 
promising. In this study, two different insectmeals were tested at different fishmeal 
replacement proportions (150 and 300 g·kg-1) in diets for Oncorhynchus mykiss. This 
study covers diverse aspects related to growth, protein utilization, physiological sta-
tus of the fish, and quality of the final product. The inclusion of insectmeals had no 
negative effects on growth, protein utilization and on the physiological status of the 
fish. At the highest fishmeal replacement level with Tenebrio molitor, fish showed a 
higher digestibility of the protein, a reduction in viscerosomatic index and a higher 
aerobic catabolism, generating a pro-oxidative environment that was compensated 
by an increase in antioxidant enzymes, revealing the importance of choosing the ap-
propriate insectmeal. A significant reduction in omega-3 fatty acids in the fillet was 
observed with an increasing insectmeal inclusion. The study proves that insectmeal 
can be a viable alternative for the partial replacement of fishmeal in rainbow trout, 
but further studies are needed to determine the most appropriate insectmeal, and to 
deal with the reduction of omega-3 fatty acids.
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reducing the inclusion of FM by searching for alternative ingredients 
(Gasco, 2020; Mousavi, 2020; Tran, 2015). Nonetheless, and even 
though it has been proven that it is possible to drastically reduce 
the amount of FM in fish feedings (Motte, 2019; Stenberg, 2019) the 
increase of FM overall absolute consumption is expected to keep 
increasing until 2030 together with the growth of aquaculture (FAO, 
2020). With this increase come two main problems: the ecological 
impact of using high quantities of harvested wild sea fish for this 
objective, and the consequential increase of FM economic value.

The search for viable alternatives to FM continues to be a main 
challenge. In this sense, the use of insectmeals (IM) as sources of 
protein is one of the most promising options (Hua, 2019; Tran, 2015). 
First, they have shown a big potential as a sustainable animal protein 
source, due to the facts that they grow and reproduce easily, their 
growth ratios are very efficient, and their production requires low re-
sources regarding to space and energy investment (van Huis, 2013). 
Also, there is a wide bibliography that proves its promising results 
in different fish species. In Sparus aurata, Piccolo (2017) achieved 
the highest growth performance at 330 g·kg-1 FM replacement with 
Tenebrio molitor (TM) in feed formulation. Magalhães (2017) high-
lighted that Hermetia illucens (HI) meal may successfully replace up 
to 195 g·kg-1 FM in diets for juvenile Dicentrarchus labrax without 
adverse effects on growth performance. Ji (2015) also expanded this 
line of work by demonstrating that even at high levels of FM replace-
ment (500–600 g·kg-1) with silkworm meal (Bombyx mori), a species 
such as Jian carp (Cyprinus carpio var. Jian) can maintain growth ra-
tios similar to those which could be seen with no replacement.

More specifically for salmonids, different levels of FM replace-
ment with different IMs have been tried. As examples of not impair-
ing growth, Terova (2019) replaced up to 300 g·kg-1 FM with HI in 
rainbow trout. Belghit (2019) described the possibility of completely 
replacing FM for Atlantic salmon (Salmo salar), using HI as one of the 
chosen protein sources. With a slightly different approach, the work 
of Mikołajczak (2020) tested a 400 g·kg-1 replacement of FM with 
two hydrolysed IMs (TM, and superworm, Zophobas morio) on sea 
trout fingerlings (Salmo trutta), and only noticed a change in protein 
efficiency ratio. Similarly, a recent trial of Chemello (2020) noted no 
changes in growth for rainbow trout with a complete substitution 
of FM, in this case, using TM as a main source of protein. According 
to these and other published data, it is quite easy to assume that, 
with little differences among species, but in general terms, a partial 
replacement of FM with IM has no negative effects on the growth 
of most fish species, especially when there is more than one main 
protein source involved.

The different composition of the diets, and therefore different 
sources of protein, may affect the physiological status of fish. The 
use of IM has been related with differences in digestive enzyme 
activities (Rapatsa & Moyo, 2017, 2019), changes in liver metabolic 
enzymes (Chaklader, 2019), and an increase in the antioxidant ca-
pacity (Li, 2017; Taufek, 2016). Following this line of knowledge, this 
work had the objective of helping clarify the impact of the partial 
replacement of FM by IM in the feeding formulation of rainbow trout 
(Oncorhynchus mykiss). Two different insect species, black soldier 

fly (HI) and mealworm (TM), at two different FM replacement lev-
els (150 and 300 g·kg-1) were used, and the effect on different pa-
rameters related to growth efficiency, physiological status and final 
quality of the fish were evaluated, to try to elucidate the nutritional 
feasibility of both IM in feed for rainbow trout.

2  | MATERIAL AND METHODS

2.1 | Experimental diets

Commercial insectmeal (IM) from two different species, Hermetia il-
lucens (HI) and Tenebrio molitor (TM; Mealfood Europe S.L., Spain) 
in larvae stage were used in this study. Before feed formulation, 
IM were analysed (Table 1). In this study, a total of five isoproteic 
(460 g·kg-1) and isolipidic (170 g·kg-1) diets were formulated (Table 2), 
a control diet with no IM, and four diets with two replacement lev-
els and two sources of IM: H1 and T1 had 150 g·kg-1 FM replace-
ment, and H2 and T2 had 300 g·kg-1 FM replacement. Ingredients 
were provided by ‘Lorca Nutrición Animal S.A.’ (Murcia, Spain). 
Diets were supplemented with methionine and phenylalanine to 
address the nutritional requirements of rainbow trout (Blanco 
Cachafeiro, 1995; National Research Council, 1993), manufactured 
by LifeBIOENCAPSULATION S.L. (Almería, Spain), and extruded in 
2 mm pellets. The dough was passed through a single screw labora-
tory extruder (Miltenz 51SP, JSConwell Ltd, New Zealand). The ex-
truder barrel consisted of four sections and the temperature profile 
in each section (from inlet to outlet) was 100 ºC, 95 ºC, 90 ºC and 
85 ºC, respectively. Finally, pellets were dried in a drying chamber 
at 30 ºC for 24 hr (Airfrio, Spain) and kept in sealed plastic bags at 
−20°C until use.

2.2 | Experimental animals and rearing conditions

600 female rainbow trouts with an initial weight of 55 ± 0.7 g were 
acquired from a commercial farm (Piscifactoría Fuente del Campillo, 
Guadalajara, Spain), and transported to the experimental facilities of 
the Aquaculture Research Centre of “Instituto Tecnológico Agrario 
de Castilla y León” (ITACyL). Fish were held without treatment for 
acclimation during 15 days before growth trial, and then, they were 
randomly allocated in groups of 30 animals into 20 cylindrical fiber-
glass tanks (500 L) in a recirculating system. Diets were assayed 
in quadruplicate. Fish were hand-fed to apparent satiation once a 
day (9 a.m., up to a maximum of 3.100 g fish-1·day-1 feed intake) for 
46 days. During the growth trial, water temperature was maintained 
at 15 ± 1°C, dissolved oxygen at 7.6 ± 1 mg·L-1, and the photoperiod 
was 12 hr light:12 hr dark. The concentration of ammonia and nitrite 
in water were monitored daily to make sure that they were at optimal 
levels (ammonia < 0.1 mg/L and nitrite < 0.1 mg/L).

All procedures for the care and handling of rainbow trout were 
conducted in accordance with specific regulations, the Directive 
of the European Union Council (2010/63/EU) and the Spanish 
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Government (Real Decreto 53/2013), and previously approved by 
the Bioethical Committee of the “ITACyL” (Authorization number: 
2017/19/CEEA).

2.3 | Growth trial and sampling collection

During the experiment, feed intake and mortality were monitored, 
and all fish were weighed each 21 days to monitor their growth. In 
order to achieve that, after fasting for one day, fish were anesthetized 

with tricaine methanesulfonate (MS-222;180 mg·mL-1), and body 
length and weight were measured using a graduated ictiometer (± 
0.1 mm) and scale (± 0.1 g), respectively. To analyse apparent digest-
ibility, faeces were collected during the last two weeks of the growth 
trial by a modified Guelph method (Cho, 1982), gathering the faeces 
produced throughout 24 hr in a settling column. The faeces samples 
were frozen at −80°C until their analysis.

At the end of the experiment, two fish were randomly sampled 
from each tank (8 fish per diet), and sacrificed by an overdose of MS-
222 (300 mg·mL-1). Blood, liver, stomach, intestine with pyloric ceca, 
and fillet samples were collected and individually analysed.

Blood samples were collected with heparinized syringes and its 
plasma separated by centrifugation at 3,500 x g for 15 min at 4 ºC. 
Individual plasma samples were frozen at −80 ºC until their analysis.

For enzyme determinations the tissue samples were immediately 
frozen in liquid nitrogen and maintained at −80 ºC until their analysis. 
For chemical analysis and fatty acid (FA) determinations, the samples 
were directly frozen at −80 ºC until their analysis.

2.4 | Analytical determinations

2.4.1 | Chemical analysis

Insect meal, diets and fish fillets were analysed for fat content, 
moisture according to AOAC methods (2005), and crude protein 
content was analysed according to Dumas method (Saint-Denis & 
Goupy, 2004) in a nitrogen analyser (FP 528, LECO, St. Joseph, USA). 
The conversion factor for protein content determination was 6.25 
for feeds and faeces, and 4.67 for HI and 4.75 for TM (Janssen, 2017).

The apparent digestibility of the protein was determined using ac-
id-insoluble ash as marker in feeds and faeces (Atkinson et al., 1984).

In the case of insect meal, phosphorus (P) was determined by 
molecular absorption spectrophotometry according to ISO stan-
dard (1996) using a spectrophotometer (UV/Vis UV2, UNICAM, 
Cambridge, UK). For the determination of calcium (Ca) X-ray fluo-
rescence method of Dispersive Energy (ED-XRF) was used, based 
on the methodology described by Pessoa (2016). Chitin was isolated 
from insect meal using a methodology described by Gamage and 
Shahidi (2007). The obtained chitin residue was washed with ace-
tone, dried and weighed.

For the amino acids, 1.6 and 1.5 mg of IM samples (T. molitor and 
H. illucens, respectively), were hydrolysed with 200 µl of 6 N HCl for 
22 hr at 110°C, and the determination was performed by ion-ex-
change liquid chromatography and postcolumn continuous reaction 
with ninhydrin (Biochrom 30; United Kingdom) to provide qualitative 
and quantitative compositional analysis.

2.4.2 | Fatty acids determination

FA analyses in IMs and fish fillets were carried out as in previous 
studies (Lepage & Roy, 1984; Rodríguez Ruiz et al., 1998). FA were 

TA B L E  1   Composition of insectmeals from Tenebrio molitor and 
Hermetia illucens used in the experiment

Proximate composition (g·kg−1 
insectmeal) Hermetia illucens

Tenebrio 
molitor

Crude protein 300.0 420.2

Crude fat 339.2 283.4

Crude ash 105.9 36.8

Moisture 32.2 53.4

Phosphorus 6 7.1

Calcium 48 1.2

Chitin 165.7 58.7

Fatty acid composition (g·kg−1 fatty acids)

C10:0 (capric acid) 11.89 0

C12:0 (lauric acid) 429.1 0

C14:0 (myristic acid) 83.3 23.9

C16:0 (palmitic acid) 147.4 178.1

C16:1n7 (palmitoleic acid) 24.4 14.1

C18:0 (stearic acid) 26.9 34.8

C18:1n9 (oleic acid) 153.5 345.7

C18:2n6 (linoleic acid) 88.7 374.7

C18:3n3 (α-linolenic acid) 5.7 17

C18:4n3 (stearidonic acid) 9.79 0

Amino acid composition (g·kg−1 insectmeal)

Asp (aspartate) 26.8 33.4

Thr (threonine) 7.7 12.4

Ser (serine) 12.1 20.8

Glu (glutamate) 28.3 48.2

Pro (proline) 13.9 29.6

Gly (glycine) 15.8 23.2

Ala (alanine) 22.7 34.0

Val (valine) 12.2 18.7

Met (methionine) 4.0 5.1

Ile (isoleucine) 8.0 12.2

Leu (leucine) 16.6 25.3

Tyr (tyrosine) 14.1 23.9

Phe (phenylalanine) 10.8 15.3

His (histidine) 6.6 13.2

Lys (lysine) 13.8 21.3

Arg (arginine) 10.5 19.3
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TA B L E  2   Ingredients, proximate and fatty acids composition of experimental diets

Ingredients (g·kg−1 on wet basis) C H1 H2 T1 T2

Fishmeal 368 315.4 259.1 313.3 258.9

HI meal 0.0 56.3 109.1 0.0 0.0

TM meal 0.0 0.0 0.0 51.3 102.7

Wheat gluten 105.3 127.3 148.3 120.9 126.1

Soy protein concentrate 150.9 158.6 170.2 150.7 165.3

Wheat meal 162 139.5 119.2 156 146.3

Soy lecithin 12.7 9.7 9.7 9.7 7.8

Fish oil 116.8 108 98.3 112.8 106.9

Vitamins and minerals 19.5 19.5 19.5 19.5 19.4

Goma guar 19.5 19.5 19.5 19.5 19.4

Hemoglobin 38.9 38.9 38.9 38.9 38.9

Methionine 0.8 1.5 2.2 1.5 2.2

Lysine 5.6 5.8 6.0 5.9 6.1

Total 1,000 1,000 1,000 1,000 1,000

Proximate composition (g·kg−1)

Crude protein 458.1 466.2 454.3 465.4 463.1

Crude fat 164.6 174.1 173.2 174.2 167.7

Crude fiber 15.2 18.9 14.7 13.1 19.0

Ash 81.0 79.2 77.8 74.3 81.8

Fatty acid composition (g·kg−1 fatty acids)

C12:0 (lauric) 0 52.2 96 0 0

C14:0 (myristic) 49.5 52 54.4 46.4 44.6

C16:0 (palmitic) 193.1 179.2 178 187.1 190.2

C16:1n7 (palmitoleic) 50 46.9 44.2 47.4 44.1

C17:0 (margaric) 7.76 6.90 6.08 7.13 6.46

C18:0 (stearic) 40.8 37.1 35.6 38.9 39.1

C18:1n9 (oleic) 143.8 145.6 145.9 163.3 181.5

C18:1n7 (vaccenic) 27.7 24.6 22.6 25.6 23

C18:2n6 (linoleic) 93.9 96.4 106.8 120.6 149.7

C18:3n3 (linolenic) 16.36 15.2 14.9 16.4 16.7

C18:4n3 (stearidonic) 15.1 13.4 11.6 13.9 12.5

C20:1n9 (eicosenoic) 30.3 28.2 22.4 26.6 23.7

C20:4n6 (arachidonic) 10.2 9.18 8.12 9.42 8.45

C20:4n3 (eicosatetraenoic) 5.45 4.87 4.31 5.04 4.56

C20:5n3 (eicosapentaenoic; EPA) 88.9 79.5 69.7 82.4 74.2

C22:1n11 (cetoleic) 37.1 33.4 29.3 34.7 30.9

C22:5n3 (docosapentaenoic; DPA) 13.4 11.6 9.87 12 10.8

C22:6n3 (docosahexaenoic; DHA) 118.4 106.1 90 109.1 96.8

C24:1n9 (nervonic) 4.56 3.89 3.29 4.04 3.57

SFA (saturated fatty acids) 291.2 327.4 370.1 279.5 280.4

MUFA (monounsaturated fatty acids) 293.4 282.5 267.7 301.5 306.9

PUFA (polyunsaturated fatty acids) 361.7 336.2 315.4 368.9 373.6

n−3 257.6 230.6 200.5 238.8 215.5

n−6 104 105.6 114.9 130.1 158.1

n−6/n−3 0.40 0.46 0.57 0.54 0.73

(Continues)
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measured after direct derivatization to FA methyl esters (FAME). 
FAME were analysed in a Focus GC (Thermo Electron. Cambridge. 
UK) equipped with a flame ionisation detector (FID) and an 
Omegawax capillary column (30 m x 0.25 mm i.d. x 0.25 μm film 
thickness; Supelco. Bellefonte. USA), as previously described (Guil-
Guerrero, 2014). Peaks were identified by retention times obtained 
for known FAME standards (PUFAs No. 1, 47,033 from Sigma, St. 
Louis, MO, USA), and FA contents were estimated by using methyl 
pentadecanoate (15:0; 995 g·kg-1 purity; 76,560 Fluka) from Sigma 
as internal standard. The relative retention factors for each FA 
were estimated as reported by Cladis (2014) were considered for 
quantification.

2.4.3 | Digestive enzymes determination

For digestive enzymes, stomach, and intestine with pyloric ceca 
were separately processed. Individual digestive samples were first 
homogenized with distilled water (250 mg·mL-1) at 4°C. Stomach ex-
tracts were used to measure acid protease activity, and extracts of 
intestine with pyloric ceca were used to measure amylase and alka-
line protease activities. The concentration of soluble protein in sam-
ples was determined using Pierce™ BCA Protein Assay Kit (Thermo 
Scientific TM, Rockford, IL) using bovine serum albumin as a standard. 
Amylase activity was determined according to the Somogy-Nelson 
method (Somogyi, 1952) using soluble starch 20 g·kg-1 as substrate. 
One unit of activity was defined as the amount of enzyme able to 
produce 1 μg of maltose per minute and mg of protein. Alkaline pro-
tease activity was measured by Walter method (1984) using casein 
10 g·kg-1 as substrate. Acid protease activity was measured by Anson 
method (1938), using hemoglobin 5 g·kg-1 as substrate. One unit of 
activity for both proteases was defined as 1 μg of tyrosine released 
per minute and mg of protein. All digestive enzyme activity analysis 
were performed at 37 ºC.

2.4.4 | Intermediary metabolism and 
antioxidant status

Liver samples were individually homogenized in nine volumes of ice-
cold 100 mM Tris-HCl buffer containing 0.1 mM EDTA and 1 g·kg-1 
(v/v) Triton X-100, pH 7.8. All procedures were performed on ice. 
Homogenates were centrifuged at 30,000 x g for 30 min at 4°C and 
the resultant supernatants were kept in aliquots and stored at −80°C 
for further enzyme assays.

Fructose 1,6-bisphosphatase (FBPase; EC 3.1.3.11), glycerol ki-
nase (GyK; EC 2.7.1.30), pyruvate kinase (PK, EC 2.7.1.40), lactate 

dehydrogenase (LDH, EC 1.1.1.27), citrate synthase (CS; EC 4.1.3.7), 
β-hydroxyacyl CoA dehydrogenase (HOAD; EC 1.1.1.35), glutamate 
pyruvate transaminase (GPT; EC 2.6.1.2), glutamate oxaloacetate 
transaminase (GOT; EC 2.6.1.1), and glutamate dehydrogenase 
(GDH; EC 1.4.1.2) were determined as previously described by Furné 
(2012).

Superoxide dismutase (SOD, EC 1.15.1.1), catalase (CAT, EC 
1.11.1.6), glutathione peroxidase (GPX, EC 1.11.1.9), glucose-6-phos-
phate dehydrogenase (G6PDH; EC 1.1.1.49), and glutathione reduc-
tase (GR, EC 1.6.4.2) were determined according to Pérez-Jiménez 
(2009).

All enzyme assays were carried out at 25°C and changes in ab-
sorbance were monitored to determine the enzyme activity using 
a PowerWaveX microplate scanning spectrophotometer (Bio-Tek 
Instruments, USA). The optimal substrate and protein concentra-
tions for the measurement of maximal activity for each enzyme 
were established by preliminary assays. The millimolar extinction 
coefficients used for NADH/NADPH, DTNB, and H2O2 were 6.22, 
13.6, and 0.039·mM-1·cm-1, respectively. One unit of SOD activity 
was defined as the amount of enzyme necessary to produce a 50% 
inhibition of the ferricytochrome C reduction rate. For the rest of 
enzymes, one unit of enzyme activity was defined as the amount 
of enzyme required to transform 1 μmol of substrate per min. Lipid 
peroxidation was determined based on malondialdehyde (MDA) lev-
els. In the presence of thiobarbituric acid, MDA reacts producing 
coloured thiobarbituric acid reacting substances (TBARS) that were 
measured as previously described by Pérez-Jiménez (2009).

Soluble protein concentration in tissue homogenates was anal-
ysed using the method of Bradford (1976), with bovine serum albu-
min used as a standard.

2.4.5 | Non-specific immune status

Plasma lysozyme activity was assayed according to Swain (2007), 
using a turbidometric method with Micrococcus lysodeikticus 
(Sigma, St. Louis, USA). For the standard curve hen egg white 
lysozyme was used. The reaction run for 20 min at 35°C and meas-
ured at 450 nm.

Carbonic anhydrase has esterase activity. This plasma activity 
was assayed according to Mashiter and Morgan (1975). For this, the 
total esterase activity was measured at 25 ºC, using 0.8 mM p-ni-
trophenyl acetate as a substrate, and subtracting the activity of the 
rest of the esterases except the carbonic anhydrase that is inhibited, 
using 1.6 mM acetazolamide as an inhibitor. After an incubation pe-
riod of 10 min for each of the reactions, the absorbance increase at 
405 nm was measured for 5 min.

Note: Vitamin and mineral premix (g·kg−1 unless otherwise specified): vitamin A 2,000,000 UI; vitamin D3: 200,000 UI; vitamin E: 12; vitamin K3: 
2.6; vitamin B1: 3; vitamin B2: 3; vitamin B6: 2; vitamin B9:1.5; vitamin B12: 0.01; vitamin H: 0.3; inositol: 50; betaine: 50; calcium pantothenate: 10; 
nicotic acid: 20; Co: 0.06; Cu: 0.9; Fe: 0.6; I: 0.05; Mn: 0.95; Se: 0.001; Zn: 0.75; Ca: 190; K: 24; Na: 41.C: control diet (no insectmeal inclusion); H1 
and H2: 150 and 300 g·kg−1 fishmeal replacement with Hermetia illucens (HI), respectively; T1 and T2: 150 and 300 g·kg−1 fishmeal replacement with 
Tenebrio molitor (TM) respectively. n−6/n−3 is a non-dimensional ratio.

TA B L E  2   (Continued)
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A trypsin assay in absence of plasma was used as control to mea-
sure antiprotease activity according to the method of Thompson 
(1995). The production of 4-nitroaniline was determined by the 
variation of the OD (optical density) at 410 nm for 30 min. Trypsin 
activity was used as a control (CAS 90002–07–7, Acofarma, Spain).

Phosphatase activity was measured using p-nitrophenil phos-
phate (Sigma) as substrate. For this, a buffer at pH 10 (NaHCO3/
NaOH 0.05 M, MgCl2 1 mM) was used to measure alkaline phospha-
tase activity and a buffer at pH 5 (CH3COOH/CH3COOHNa 0.1 M, 
MgCl2 1 mM) for acid phosphatase activity. The measurement was 
performed for 30 min, at 37°C and at 405 nm (Huang, 2011).

Peroxidase activity in plasma was assayed according to 
Mohanty and Sahoo (2010), using a solution 20 mM TMB (3, 3‘, 5, 
5‘-Tetramethylbenzidine) as substrate. The colour change reaction 
was stopped after 2 min; then samples were read at 450 nm. Plasma-
free standard samples were measured as controls. The activity was 
expressed in OD (optical density).

Total immunoglobulin in plasma was determined as described by 
Panigrahi (2005). Immunoglobulins were separated from the total 
proteins by precipitation with polyethylene glycol. Supernatant total 
protein was determined by Bradford method (Bradford, 1976). Total 
immunoglobulin content was determined by subtracting the protein 
content resulting from the total protein content in the untreated 
plasma.

2.5 | Statistical analysis

SAS system version 9.0 (SAS Institute Inc., Cary, North Carolina, 
USA) was used for the statistical analysis. Since all the variables fit 
normal distribution, the data were analysed using a general linear 
model (PROC GLM) analyses of variance (ANOVA). The values are 
showed as mean ± standard error of the mean.

3  | RESULTS AND DISCUSSION

The approval of the use of insects as ingredients in aquafeeds by 
the European regulation (EU, 2017) has increased the interest in 
these ingredients by both manufacturers and scientists in the last 
years. The study aims to highlight the potential use of insectmeal 
(IM) as raw material in feeds for rainbow trout and the challenges 
that it faces, with the novelty of testing two different insect species 
(Tenebrio molitor, TM, and Hermetia illucens, HI) comparing different 
inclusion levels.

For the time being, the works carried out in rainbow trout in-
volving the study of IMs have used animals between 5–545 g, with 
a replacement of 0–1000 g·kg-1 fishmeal (FM) by IM, during 56–152 
feeding days. In particular, studies which included HI meal observed 
the tendency that this ingredient causes little to none changes in 
the normal physiology of rainbow trout (Dumas, 2018; Elia, 2018; 
Rimoldi, 2019; St-Hilaire, 2007). The most common change tends to 
be the reduction on growth parameters as the amount of replaced 

FM reaches 200–300 g·kg-1, as well as the reduction of omega-3 FA 
(n-3) on the fillet, which is due to the different composition of insect 
fat versus fish oil. Studies which used TM as replacement of FM in 
rainbow trout highlighted, in general, a better result in growth pa-
rameters, whilst the proportion of n-3 in fillet tends to be even lower 
than the case of studies based on HI (Belforti, 2015; Borgogno, 2017; 
Iaconisi, 2017, 2018; Mancini, 2018; Renna, 2017; St-Hilaire, 2007). 
This difference between the performance of HI and TM could be due 
to their differences in composition, mostly aminoacids, calcium and 
chitin (Table 1).

The growth results displayed in this study were adequate for 
all diets. No mortality was recorded, and all diets were accepted 
correctly by the fish. The influence of the tested diets during the 
growth trial are shown in Table 3. There were no significant differ-
ences (p > .05) observed among the groups treated with different 
levels of IM inclusions, either for final body weight (FBW), specific 
growth rate (SGR) or daily feed intake (DFI) when comparing with 
the control diet. The FCR was adequate for all groups without differ-
ences respect to control diet, but it is worth to mention that the best 
FCR was showed for the fish fed with T1 diet, statistically different 
from H1 and H2 diets, which opens a possibility for future studies of 
improving the FCR through finding the optimal proportion and in-
sect species in the feed formulation. Although most studies support 
the idea of a lesser proportion of FM (50–250 g·kg-1) replacement 
with IM not being beneficial or disruptive for fish growth (Iaconisi, 
2017; Magalhães, 2017; Renna, 2017; Terova, 2019), there are other 
which uphold the possibility of a particular proportion of IM as ben-
eficial for some fish species (Ido, 2015; Ng, 2001; Rema, 2019; Sing, 
2014). However, when it comes to evaluate the effect of high levels 
of FM replacement with IM (650–1000 g·kg-1), the conclusions tend 
to diverge widely (Ido, 2019; Ji, 2015; Kroeckel, 2012; Lock, 2016; 
Vargas, 2018; Vargas-Abúndez, 2019). Similarly, when the protein 
utilization was evaluated, no differences were observed for pro-
tein efficiency ratio (PER) and productive protein ratio (PPV) among 
diets. As for apparent digestibility of the protein (ADCprot), IM treat-
ments showed higher levels, being the case of T2 as significantly dif-
ferent respect to control diet (p < .05; Table 3). In other words, the 
protein from IM included in the feed formulation showed a better 
availability for its utilization. Other authors found no differences in 
protein utilization in rainbow trout with the inclusion of HI (Dumas, 
2018; Renna, 2017), and TM (Rema, 2019) up to 300 g·kg-1 in feed 
formulation. On the other hand, insects are part of the natural diet 
of rainbow trout (Metcalf, 1997; Rikardsen & Sandring, 2006); it is 
therefore not surprising that they are able to efficiently digest insect 
protein.

In relation to biometric indexes, non-negative effects were ob-
served when the IM was included in the feed formulation (Table 3). 
However, it is remarkable that T2 had the lowest viscerosomatic 
index (VSI) value, significantly different to the rest of the diets. 
Changes in VSI can be related to changes in visceral fat deposition 
(Jobling, 1998, 2002), but a decreased VSI can also be related with a 
lower relative intestinal length. Since visceral fat deposition and rel-
ative intestinal length were not measured, these two indexes will be 
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considered for further studies, as the present study reflects a prom-
ising match between a lower VSI and a higher apparent digestibility 
of the protein for T2.

The inclusion of new ingredients in feed formulation could also 
affect the physiological status of fish, and lastly, health and welfare 
status. For that, different parameters related to digestive enzyme 
activities, key metabolic hepatic enzymes, antioxidant and immune 
status were analysed.

The proteolytic and amylase activity may be different between 
fish with different nutritional habits (Hidalgo, 1999). Different au-
thors have described differences in the activities of proteases be-
tween Oreochromis mossambicus and Clarias gariepinus, using the 
same diets with increasing amounts of Imbrasia belina meal (Rapatsa 
& Moyo, 2017, 2019). For that, the analysis of these digestive en-
zymes was included in this study, to evaluate the acceptation by 
rainbow trout, and to determine possible differences between the 
use of one insect or another (Table 4). The higher amount of alkaline 
protease observed in fish fed with TM matched with the increase in 
ADCprot observed in these fish (Table 3), suggesting that intestinal 
proteases could be more relevant in the proteolysis and absorption 
of IM protein. There were no significant differences for acid prote-
ases (Table 4; p > .05). Respect to amylase, a decrease in comparison 
to control diet is observed in the case of H2. Contrarily, Rapatsa and 
Moyo (2017, 2019) highlighted that higher levels of Imbrasia belina 
meal increased the levels of amylase; however, they did not suggest 

a direct relation between amylase and IM itself, but between amy-
lase activity and the remaining vegetable contents of Imbrasia belina. 
Also, German (2004) reported that amylase activity increased with 
the quantity of carbohydrates in the diet. In this way, due to the lack 
of a direct relationship between IM and amylase function (starch hy-
drolysis) in the bibliography, and also the fact that there was only a 
significant difference between C and H2, this decrease should be 
due to the reduction of wheat meal in the formulation of this diet 
(a plant-based ingredient), since it was one of the ingredients that 
suffered the biggest reduction to adjust protein and lipids in HI diets 
but not in TM ones, being the reduction of wheat meal in H2 more 
important.

The liver is an essential metabolic organ which governs body 
energy metabolism. It acts as a hub to connect metabolically var-
ious tissues, including muscle and adipose tissue (Rui, 2014). The 
different composition of the diets may play an important role on the 
regulation of the enzymes involved in catabolism and anabolism of 
macronutrients. In this study, different key hepatic enzymes on me-
tabolism were analysed (Table 5) to evaluate if the inclusion of IM in 
the diet could affect the fate of nutrients, either as part of a meta-
bolic pathway or for energy storage.

Concerning lipid metabolism, HOAD (β-hydroxyacyl-CoA dehy-
drogenase) reversibly catalyses the third step of ß-oxidation, which 
takes place in the mitochondria and involves the FA catabolism. The 
results reflect a slight increase in the oxidative lipid metabolism for 

Growth performance C H1 H2 T1 T2 SEM

IBW (g) 55.4 54.9 56.5 53.7 56.0 0.7

FBW (g) 141.3 140.0 139.7 141.9 139.8 0.9

SGR (%·day−1) 2.04 2.02 2.02 2.05 2.02 0.01

DFI (g·100g 
fish−1·day−1)

1.46 1.47 1.47 1.44 1.46 0.01

FCR 0.77ab 0.78b 0.78b 0.75a 0.77ab 0.004

Protein utilization

PER 2.85 2.85 2.84 2.86 2.85 0.03

PPV (%) 56.1 55.5 55.9 55 54.9 0.44

ADCprot (%) 86.1a 89.0ab 88.7ab 88.5ab 90.6b 0.9

Biometric indexes

CF (g·cm−3) 1.13 1.15 1.14 1.15 1.12 0.01

HSI (%) 1.24 1.20 1.10 1.22 1.15 0.06

VSI (%) 9.58b 10.16b 9.87b 9.88b 8.82a 0.25

Note: C: control diet (no insectmeal inclusion); H1 and H2: 150 and 300 g·kg−1 fishmeal 
replacement with Hermetia illucens, respectively; T1 and T2: 150 and 300 g·kg−1 fishmeal 
replacement with Tenebrio molitor respectively. IBW: initial body weight; FBW: final body weight; 
SGR (specific growth rate) = [(ln FBW-ln IBW)·days−1] · 100; DFI (daily feed intake) = [daily feed 
consumption (g)·biomass−1 (g) at time] · 100; FCR (feed conversion ratio) = [total feed intake (g) 
· (FBW-IBW) −1]; PER (protein efficiency ratio) = [total weight gain (g)·protein intake−1 (g)]; PPV 
(productive protein value) = [(protein gain (g) · protein intake−1 (g)) · 100]; ADCprot (apparent 
digestibility coefficient of the protein) = 100-[(marker in diet (g)·marker in faeces−1(g)) · (% protein 
in faeces·% protein in diet−1) · 100]; CF (condition factor) = [weight (g)·length−3 (cm)] · 100; HIS 
(hepatosomatic index) = [wet liver weight·FBW−1] · 100; VSI (viscerosomatic index) = [wet visceral 
weight·FBW−1] · 100. a, b show statistically significant differences among diets (p < .05); Values are 
expressed as mean ± standard error of the mean (SEM; n = 4 tanks per diet, 2 fish per tank).

TA B L E  3   Effect of insectmeals in diets 
on growth performance, protein utilization 
and biometric indexes at the end of the 
feeding trial of rainbow trout
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H1 and T2, more marked for T2 (Table 5); that could cause a higher 
mobilisation of the fat, which could also be linked to the low VSI 
showed by these fish (Table 3). However, these differences were not 
statistically significant when comparing with C diet.

Two groups of results were observed when talking about glu-
cose and amino acidic metabolisms (Table 5). The first one showed 
differences between diets with IM (CS and GOT). For CS, T2 had 
the highest activity, being statistically different from H2 (p < .05). 
For GOT, T2 also had the highest activity, being statistically dif-
ferent from H1 and H2. The greater activity of these two enzymes 
in T2 would suggest an increase of the protein catabolism to ob-
tain energy, maybe derived from a different quality of the protein. 
However, this disruption on the intermediary metabolism of fish fed 
with T2 was not in direct consonance with a disruption on growth, 
probably due to a compensation derived from the greater digest-
ibility of the protein observed in T2 (Table 3). The second group of 
results for hepatic enzymes on intermediary metabolism (PK, GyK, 
GDH and GPT) did not show any statistical differences (Table 5). It 
is easy to notice a synchronised overall increase on their activity 
when comparing IM results with those of control diet. As such, the 

present study encourages the possibility of increasing the amount of 
FM replacement with IM on further studies, in order to, maybe, find 
significant differences on their activity. These results are partially 
supported by those of Chemello (2020), since neither did they de-
scribe a significant increase for GDH or GPT after treatments with 
TM. The differences between their GOT results and those of the 
present study could be due to their diets having different sources 
of protein. In general, fish fed with T2 showed an increase on the 
oxidation of lipids, glucose and amino acids, and therefore a higher 
aerobic catabolism.

When the antioxidant capacity in liver was evaluated, fish fed 
with IM showed an increase on the antioxidant parameters SOD and 
CAT, and a decrease in lipid oxidative damage (MDA) respect to con-
trol diet (Table 6). Greater values in GR and GPX were observed on 
TM diets, but without statistical significance when comparing with 
control diet. Possibly, the increase on intermediary metabolism re-
sulted in an increase of reactive oxygen species (ROS) production, 
and therefore a pro-oxidative cellular environment. However, the 
decrease on the MDA (Table 6) shows the efficacy of antioxidant 
mechanisms and the maintenance of redox homeostasis, without 

Digestive enzymes 
(U·mg protein−1) C H1 H2 T1 T2 SEM

Acidic proteases 140.2 133.6 163.4 123.1 115.8 23.3

Alkaline proteases 83.2a 112.4ab 114.8ab 153.6b 144.8b 10.5

Amylase 53.9b 36.6ab 29.2a 34.8ab 45.5ab 5.18

Note: C: control diet (no insectmeal inclusion); H1 and H2: 150 and 300 g·kg−1 fishmeal 
replacement with Hermetia illucens, respectively; T1 and T2: 150 and 300 g·kg−1 fishmeal 
replacement with Tenebrio molitor respectively. a, b show statistically significant differences among 
diets (p < .05); Values are expressed as mean ± standard error of the mean (SEM; n = 4 tanks per 
diet, 2 fish per tank).

TA B L E  4   Effect of insectmeals in diets 
on the digestive enzyme activities of 
rainbow trout

Enzymes (mU·mg protein−1) C H1 H2 T1 T2 SEM

β-hydroxyacyl-CoA 
dehydrogenase (HOAD)

19.2abc 22.0bc 17.7ab 15.8a 24.1c 1.89

Pyruvate kinase (PK) 15.4 17.6 18.9 24.0 23.7 2.93

Citrate synthase (CS) 17.5ab 16.9ab 14.5a 15.6ab 19.7b 1.62

Lactate dehydrogenase 
(LDH)

764.1 911.6 797.5 809.1 828.4 89.6

Fructose 1,6-biphosphatase 
(FBPase)

10.5 10.4 8.70 9.93 11.1 1.08

Glycerol kinase (GyK) 15.0 19.9 15.0 18.7 19.7 1.59

Glutamate dehydrogenase 
(GDH)

251.9 274.2 253.2 293.6 340.7 32.4

Glutamate pyruvate 
transaminase (GPT)

48.9 75.6 51.1 61.8 70.6 10.2

Glutamate oxaloacetate 
transaminase (GOT)

459.1ab 423.0a 417.9a 461.0ab 528.0b 30.4

Note: C: control diet (no insectmeal inclusion); H1 and H2: 150 and 300 g·kg−1 fishmeal 
replacement with Hermetia illucens, respectively; T1 and T2: 150 and 300 g·kg−1 fishmeal 
replacement with Tenebrio molitor respectively. a, b, c show statistically significant differences 
among diets (p < .05); Values are expressed as mean ± standard error of the mean (SEM; n = 4 
tanks per diet, 2 fish per tank).

TA B L E  5   Effect of insectmeals in diets 
on key enzymes in hepatic metabolism of 
rainbow trout
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damage derived from oxidative stress. This matches the results 
of Henry (2018a) on rainbow trout fed with TM; their study de-
scribed an overall increase of SOD, CAT, GPX, GR and G6PDH, and 
a strong decrease in MDA. However, it would be interesting to point 
that they studied these enzymes in different parts of fish intestine 
(pyloric caeca, proximal and distal intestine), and that this relation 
with the present study was especially strong in proximal intestine. 
Taufek (2016) described also an increase in CAT for African catfish 
(Clarias gariepinus) liver after feeding cricket meal (Gryllus bimacula-
tus), while SOD and GST (glutathione S-transferase, not analysed) 
only suffered slight non-significant increases. Li (2017) described an 
increase in CAT for Jian carp (Cyprinus carpio var. Jian) serum after 
feeding black soldier fly, while SOD and MDA remained still among 
diets. Another work on yellow catfish fed with TM (Su, 2017) high-
lighted similar results, with an increase in plasma SOD activity both 
before and after an Edwadsiella ictaluri challenge, and a decrease in 
MDA activity prior to bacterial challenge. The general tendency of 
the bibliography is that the use of IM for fish increases the antioxi-
dant defences of the animals while reducing the damage generated 
by lipid peroxidation. It has already been described that chitin and 
some of its derivatives can generate different antioxidant influences, 
such as a direct radical species scavenging effect and the increase of 
intracellular glutathione (Ngo & Kim, 2014). This, together with the 
previously mentioned results on intermediary metabolism, support 
the theory that T2 could have had a pro-oxidative effect on metab-
olism at the same time that it gave them tools to deal with it, causing 
no special oxidative damage.

Chitin can also have multiple effects on the immune system due 
to its polymeric structure (Lee, 2008), and its immunostimulant effect 
in fish has previously been described (Esteban, 2001; Gopalakannan 
& Arul, 2006; Kumar, 2019; Mousavi, 2020). Thus, different enzyme 
activities in plasma with a role in the innate immune response were 
analysed, such as lysozyme, esterase, anti-protease, acid phospha-
tase, alkaline phosphatase and peroxidase. In addition, the adaptive 
immune system was also evaluated by measuring the presence of 
total immunoglobulins (Ig) in plasma.

The lysozyme activity remained invariable between the different 
treatments (Table 7). Sankian (2018) described a linear increase of ly-
sozyme activity with inclusion of TM in the diet of Siniperca scherzeri, 
getting to be significant at 300 g·kg-1 inclusion. This difference could 
be due to the fact that the IM inclusion level of the present study 
was lower, since the diet with the highest TM inclusion reached only 
102.7 g·kg-1. Nevertheless, the result matched Henry (2018b), who 
did not describe a significant difference in lysozyme activity when 
feeding TM meal to Dicentrarchus labrax at an even higher inclusion 
level of 247.5 g·kg-1.

In the case of IM diets, an increase in anti-protease activity was 
observed, being significantly remarkable on H1 respect to control 
diet (Table 7). In contrast, the inclusion of IM in the diets showed a 
reduction in the presence of acid and alkaline phosphatase respect 
to control diet, being statistically significant only on H2, T1 and T2 
for alkaline phosphatase (p < .05; Table 7). The acid and alkaline 
phosphatases have been showed as indicatives of tissue damage in 
other animals (Molina, 2005; Moreno, 2003). These results would 
also be in accordance with the maintenance of redox homeostasis 
previously described for fish fed with IM diets, since an increased 
oxidative stress environment can be related to tissue damage (Wang, 
2019; Wu & Zhou, 2013).

In the case of peroxidase activity, there were no differences be-
tween treatments (Table 7). The part concerning TM matched the 
analysis of Sankian (2018) on serum myeloperoxidase after feeding 
TM to mandarin fish (Siniperca scherzeri). However, the present study, 
as well as that of Sankian (2018), were nutritional-focused studies 
with no pathogen challenges. It is possible that the exposure to a 
real pathogen aggression could have had the capacity to increase 
the expression of peroxidases or other immunological parameters.

Fish fed with IM showed a higher amount of total Ig, being statis-
tically different for T1 (Table 7). In the case of HI diets, it seems there 
is a linear relation with the inclusion level in the diets. This result 
matches partially the works of Sangma and Kamilya (2015a, 2015b), 
where they described an increase in serum protein with different 
inclusion levels of chitin for Catla catla diet, as well as the work of 

Antioxidant enzymes and lipid 
peroxidation C H1 H2 T1 T2 SEM

Superoxide dismutase (SOD) 289.6a 425.5b 342.7ab 396.6ab 425.9b 34.9

Catalase (CAT) 100.1ab 123.9bc 96.6a 129.1cd 152.5d 8.24

Glutathione peroxidase (GPX) 26.1ab 29.9ab 24.6a 27.5ab 31.1b 1.92

Glutathione reductase (GR) 10.8abc 8.14ab 8.0a 12.5c 12.2bc 1.33

Glucose−6-phosphate 
dehydrogenase (G6PDH)

19.5 23.8 18.6 24.4 25.0 2.65

Malondialdehyde (MDA) 36.6b 28.7a 32.6ab 32.4ab 28.1a 1.93

Note: C: control diet (no insectmeal inclusion); H1 and H2: 150 and 300 g·kg−1 fishmeal replacement 
with Hermetia illucens, respectively; T1 and T2: 150 and 300 g·kg−1 fishmeal replacement with 
Tenebrio molitor respectively. SOD and CAT expressed as U·mg protein−1, GPX and GR as mU·mg 
protein−1, and MDA as nmol·g tissue−1. a, b, c, d show statistically significant differences among diets 
(p < .05); Values are expressed as mean ± standard error of the mean (SEM; n = 4 tanks per diet, 2 
fish per tank).

TA B L E  6   Effect of insectmeals in 
diets on antioxidant enzyme activities 
and levels of lipid peroxidation in liver of 
rainbow trout

https://en.wikipedia.org/wiki/Glutathione_peroxidase
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Immune parameters C H1 H2 T1 T2 SEM

Lysozyme activity 6.22 6.17 7.45 5.48 6.39 0.58

Esterase 378.6 365.6 310.5 330.2 371.6 19.2

Anti-protease activity 201.2a 291.4b 249.2ab 248.5ab 271.7ab 16.8

Acid phosphatase 478.0 428.9 441.3 384.4 355.2 42.6

Alkaline phosphatase 1617.5b 1,203.7ab 1,152.9a 1,088.4a 1,075.6a 98.0

Peroxidase 0.18 0.20 0.21 0.20 0.17 0.01

Total Ig 16.8a 20.1ab 26.9ab 32.6b 27.7ab 2.93

Note: C: control diet (no insectmeal inclusion); H1 and H2: 150 and 300 g·kg−1 fishmeal replacement 
with Hermetia illucens, respectively; T1 and T2: 150 and 300 g·kg−1 fishmeal replacement with 
Tenebrio molitor respectively. Lysozyme activity expressed as µg · mL HEWL−1(Hen Egg White 
Lysozyme), anti-protease activity as U antiprotease·mL−1, acid and alkaline phosphatase as mU·mg 
protein−1, peroxidase as optical density and total Ig as mg·mL−1. a, b ,c show statistically significant 
differences among diets (p < .05); Values are expressed as mean ± standard error of the mean 
(SEM; n = 4 tanks per diet, 2 fish per tank).

TA B L E  7   Effect of insectmeals in 
diets on immune parameters in plasma of 
rainbow trout

TA B L E  8   Effect of insectmeals in diets on proximal composition and fatty acid profile in fillets of rainbow trout

Proximate composition
(g·kg−1 fish fillet on wet matter) C H1 H2 T1 T2 SEM

Protein 186.11 191.67 190.67 188.33 185.33 2.44

Fat 12.80 16.58 12.70 17.46 13.03 3.10

Moisture 761.1 761.7 754.6 757.8 755.7 1.99

Ash 13.69 13.63 13.58 13.29 13.80 0.13

Fatty acids in fillet (g·kg−1 fish fillet on wet matter)

12:0 (lauric) - 0.29a 0.66b - - 0.66

14:0 (myristic) 0.61 0.71 0.75 0.78 0.63 0.06

16:0 (palmitic) 3.51 3.45 3.36 3.91 3.14 0.30

16:1n−7 (palmitoleic) 0.76 0.77 0.80 0.99 0.79 0.08

18:0 (stearic) 0.85 0.79 0.77 0.89 0.72 0.08

18:1n−9 (oleic) 3.90a 4.40ab 4.66ab 6.28b 5.46ab 0.45

18:1n−7 (vaccenic) 0.59 0.56 0.53 0.66 0.52 0.05

18:2n−6 (linoleic) 1.94a 2.12a 2.36ab 3.18c 3.00bc 0.22

18:3n−3 (linolenic) 0.37a 0.38a 0.38a 0.51b 0.44ab 0.04

18:4n−3 (stearidonic) 0.15 0.17 0.17 0.22 0.17 0.03

20:1n−9 (eicosenoic) 0.45a 0.43a 0.47a 0.72b 0.58ab 0.07

20:4n−6 (arachidonic) 0.22b 0.19ab 0.17ab 0.20ab 0.14a 0.02

20:4n−3 (eicosatetraenoic) 0.15 0.11 0.10 0.14 0.13 0.02

20:5n−3 (ecosapentaenoic; EPA) 1.25b 1.08ab 0.88a 1.11ab 0.81a 0.11

22:1n−11 (cetoleic) 0.29a 0.26a 0.25a 0.42b 0.33ab 0.03

22:5n−3 (docosapentaenoic; DPA) 0.43b 0.33ab 0.29a 0.34ab 0.28a 0.04

22:6n−3 (docosahexaenoic; DHA) 4.74b 3.81ab 2.99ab 3.16ab 2.30a 0.61

SFA (saturated fatty acids) 4.98 5.25 5.54 5.58 4.49 0.45

MUFA (monounsaturated fatty acids) 5.97a 6.43a 6.71a 9.08b 7.69ab 0.66

PUFA (polyunsaturated fatty acids) 9.26 8.17 7.35 8.87 7.28 0.80

n−3 7.09b 5.86ab 4.81ab 5.49ab 4.14a 0.74

n−6 2.17a 2.31a 2.53ab 3.38c 3.14bc 0.22

n−6/n−3 0.33a 0.40ab 0.53bc 0.61c 0.76d 0.05

Note: C: control diet (no insectmeal inclusion); H1 and H2: 150 and 300 g·kg−1 fishmeal replacement with Hermetia illucens, respectively; T1 and T2: 
150 and 300 g·kg−1 fishmeal replacement with Tenebrio molitor respectively. a, b, c, d show statistically significant differences among diets (p < .05); 
n−6/n−3 is a non-dimensional ratio. Values are expressed as mean ± standard error of the mean (SEM; n = 4 tanks per diet, 2 fish per tank).
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Kumar (2019), where similar parameters were measured after a par-
asite challenge and similar chitin inclusions.

Some of the differences in the data presented could be related 
to the differences in the chitin content between IMs (Table 1). Fish 
fed with H1 and T2 showed similarities in some variables, such as 
HOAD for intermediary metabolism, and SOD and MDA for antiox-
idant capacity, while those differences were not as obvious on H2 
and T1. This could also be due to the fact that H1 and T2 had very 
similar amounts of chitin on their compositions (6–9 g·kg-1 feed, cal-
culated from the IM chitin composition), whilst T1 had a lower con-
centration, and H2 could be reaching a theoretical toxicity barrier 
(Shiau & Yu, 1999), having double the amount of this compound in 
its composition.

Different sources of proteins and lipids may affect the fillet com-
position, as well as the quality of the final product. In this case the 
inclusion of IM, as source of both proteins and lipids, did not affect 
to the proximate composition of the fillet (Table 8). This coincides 
partially with the bibliography on rainbow trout fed IM, since most 
authors highlight little to none differences in fillet proximate com-
position after IM treatments, showing in some cases a reduction 
in fillet lipids and a compensatory increase in fillet moisture as IM 
is increased (Belforti, 2015; Dumas, 2018; Mancini, 2018; Sealey, 
2011). This can also apply when reviewing the literature around 
whole-body proximate composition (Borgogno, 2017; Rema, 2019; 
St-Hilaire, 2007). However, the work of Renna (2017) observed an 
increment in the fat content of rainbow trout fillet after substituting 
up to 500 g·kg-1 FM in the diet with HI meal which, as the work itself 
states, could be due to the different rearing substrate of the insects 
used. Nevertheless, it is possible that the present study did not reach 
enough IM inclusion levels to match properly those same results.

The FA composition in fish fillet generally reflects the FA compo-
sition of the feeds (Turchini, 2009). The most remarkable differences 
in the FA profile of the feeds were their content of MUFA with a 
marked increase in TM diets, a decrease in EPA, DPA and DHA in all 
experimental diets, and an increase in omega-6 FA (n-6), specifically 
in linoleic acid. Another pronounced change would be the higher 
content in oleic acid in TM diets (Table 2). These FA variations have 
been reflected in the FA profiles of the fillets (Table 8). The most 
important changes were an increase of MUFA and n-6 FA, together 
with a decrease in n-3 as FM was replaced with IM, being especially 
high the increases on oleic FA for T1, the increase on n-6 for TM 
diets, and the decreases on EPA, DPA and DHA for almost all exper-
imental treatments. The health benefits of incorporating fish in the 
human diet for their content in n-3 FA are well known; therefore, the 
lower content of these n-3 FA in the fillet could involve a decrease in 
the perception of the fish quality by the consumers. Similar results 
have been found by other authors (Belforti, 2015; de Haro, 2016; 
St-Hilaire, 2007), which seems to be one main concern when dealing 
with IM based diets for fish. Thus, the search for strategies to im-
prove this aspect will be critical for the implementation of the use 
of IM in commercial aquafeeds. One of the advantages on the use 
of insects is that they exhibit a high easiness on changing their com-
position according to the substrate used for their growth. Promising 

results have been obtained by Barroso (2017) and Danieli (2019); 
they proved the possibility of changing the proportion of PUFA in 
HI larvae composition by dietary modification. Hence, this consider-
ation could be a major factor to have in mind in order to improve the 
n-3 FA profile of fish whose diet is based on IM.

The study has covered diverse aspects related to growth effi-
ciency, health and welfare status, and composition of the fillet, 
comparing two different IM at two different levels under the same 
experimental conditions. In general, the inclusion up to 109.1 g·kg-

1g/kg of HI and 102.7 g·kg-1g/kg TM (300 g·kg-1g/kg FM replace-
ment) in diets for rainbow trout does not negatively affect the 
growth, protein utilization and the physiological status of the fish 
for the parameters evaluated. The replacement of FM with TM at 
300 g·kg-1 showed a higher digestibility of the protein, a reduction 
of VSI, and a higher aerobic catabolism, generating a pro-oxidative 
environment that was compensated. Between IM diets, fish fed with 
H2 showed the most remarkable differences respect to T2 in inter-
mediary metabolism and antioxidant activity, revealing the impor-
tance of the IM composition in its use for aquafeeds.

In contrast, the 300 g·kg-1 FM replacement level negatively af-
fected the content of n-3 FA in the fillet of fish fed with IM diets, 
which could lastly influence the perception of the consumers as an 
important source of n-3 in a healthy diet.

Further studies are required to evaluate the effect of the use 
of feeds with IM for a longer time, and to determine the eligibility 
of the most appropriate IM to target different fish species, as well 
as to test different strategies to compensate the weakness of the 
IM inclusion, in order to maximize the potential of these protein 
sources.
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