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Simple Summary: The replacement of fishmeal by insect meal is a promising strategy to obtain more
sustainable fish feeds, a major goal in aquaculture. Black soldier fly Hermetia illucens larva meal
has a high crude protein and fat content, essential for omnivorous and carnivorous fish. We used
partially defatted H. illucens larva meal as a substitute for 20%, 40% and 60% of the fishmeal in
standard diets for Eurasian perch and measured its effect on growth performance, feed utilization,
body indices, fish body composition and blood indices. We found no significant differences in
survival, size heterogeneity, hematology indices; or in whole-body dry matter, crude protein and
ether extract content. The 60% inclusion reduced final body weight, specific growth rate, feeding rate,
protein efficiency ratio, condition factor and hepatosomatic index. The fish-in-fish-out index decreased
proportionally with increased H. illucens meal inclusion. Partially defatted H. illucens larva meal seems
to be a promising alternative to fishmeal for Eurasian perch nutrition at moderate inclusion level.

Abstract: Insect meal is gaining increased attention in aquafeed formulations due to high protein
content and an essential amino acid profile similar to that of fishmeal. To investigate insect meal in feed
for European perch Perca fluviatilis, a promising candidate for European intensive culture, we replaced
standard fishmeal with partially defatted black soldier fly Hermetia illucens larva meal at rates of 0%,
20%, 40% and 60% (groups CON, H20, H40 and H60, respectively) and compared growth performance,
somatic indices, hematological parameters, whole-body proximate composition and occurrence of
spleen lipidosis. In addition, we assessed the economic and environmental sustainability of the tested
feeds by calculating economic conversion ratio (ECR) and economic profit index (EPI). The tested
groups did not differ in survival rate. Significant differences were documented in final body weight
and specific growth rate, with the highest values in CON, H20 and H40. The proximate composition of
fish whole-body at the end of the experiment did not differ in dry matter, crude protein or ether extract,
while organic matter, ash and gross energy composition showed significant differences. The fatty acid
content and n-3/n-6 ratio showed a decreasing trend with increasing H. illucens larva meal inclusion.
No differences were found in hematological parameters among tested groups. The H. illucens larva
meal inclusion significantly affected ECR and EPI, even at 20% inclusion level the cost of diets did not
differ from the control fish meal based diet. Results suggested that 40% inclusion of H. illucens larva
meal can be used successfully in standard diets for perch.
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1. Introduction

Intensive culture of the carnivorous freshwater Eurasian perch (Perca fluviatilis L.) is increasing
in recirculating aquaculture systems (RAS) and represents an expanding branch of commercial fish
farming in Europe. Nevertheless, as a relatively new aquaculture species, production is low [1]. It is
commonly reared on feed formulated primarily for salmonids or marine fish species [2]. Diets for
carnivorous species contain high levels of protein, which have been obtained from marine fishmeal
(FM), considered optimal because of its balanced nutritional composition [3,4]. Currently, with FM
increased cost and unsustainability [5], plant protein sources, especially soybean meal, are being used in
aquaculture to decrease the dependency on FM and reduce feed costs [4]. High levels of plant protein in
feeds can reduce growth performance or induce fish health issues, chiefly due to imbalance in essential
amino acid (EAA) content, low feed acceptance and the presence of anti-nutritional factors [3,6,7].
Processed animal proteins (PAP) such as poultry by-product meal, meat meal and meat and bone meal
are valid proteins for aquaculture feeds but their use is limited by legislation. In the EU, PAP from
poultry and swine have only recently been reintroduced into aquafeed (EC No. 56/2013) after more
than 10 years of ban due to Bovine Spongiform Encephalopathy (EC No 999/2001), while in other parts
of the world, its use is common practice [8].

Recently, interest has turned to PAPs from insects as a component of aquafeeds [9,10]. Insect larva
meals are rich in proteins and their EAA profile is close to that of FM and considered superior to that
of plant proteins [9]. The use of insect PAP has recently been sanctioned by the European Commission
(Brussels, Belgium) (Regulation 2017/893/EC, 2017).

The black soldier fly Hermetia illucens belongs to the family Stratiomyidae and is among the most
promising insect species for mass-rearing for animal feed [11]. Commercial H. illucens meal has an
average protein content of 55% dry matter (DM) with lipid content ranging from 5% to 35% DM,
depending on the defatting process applied during meal production. Research into its efficacy has
thus far been contradictory: Similar or better growth performance to that of fish fed conventional
protein sources (mainly FM or soybean meal) using commercial H. illucens meal at inclusion levels
from 2.5% to 40% were obtained for Atlantic salmon (Salmo salar) [12-14], rainbow trout (Oncorhynchus
mykiss) [15,16], European sea bass (Dicentrarchus labrax) [17], yellow catfish (Pelteobagrus fulvidraco) [18]
and rice field eel (Monopterus albus) [19]. Conversely, other authors reported reduced acceptance and
growth [20,21], with high levels of inclusion. Divergence in results is likely due to the differences
among H. illucens meals and the level of inclusion in the diet and also suggest species differences in
adaptation to insect meals. The use of H. illucens meal in perch diets has not been investigated.

The goal of this research was to determine the effects of partially defatted H. illucens meal as
partial substitute for FM on growth performance, somatic indices, occurrence of splenic lipidosis,
hematological parameters and proximate whole-body composition of juvenile P. fluviatilis. The research
also aimed to provide new data on the economic and environmental sustainability of this novel
protein source.

2. Materials and Methods

An 84-day growth trial was carried out at the Faculty of Fisheries and Water Protection of the
University of South Bohemia (Ceské Bud&jovice, Czech Republic). The trial was designed and carried
out in accordance with the Czech and European Communities Directive (2010/63/EU) on the protection
of animals used for scientific purposes, protocol number MSMT-6744/2018-2.
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2.1. Experimental Diets

Four experimental diets were formulated to be isonitrogenous (crude protein, CP: ~54 g 100 g DM);
isolipidic (ether extract, EE: ~13 g 100 g DM); and isoenergetic (gross energy, GE: ~23 M] kg DM).
An FM-based diet was used as control (CON) and three additional diets included FM replacement with
20% (H20), 40% (H40) and 60% (H60) partially defatted H. illucens larva meal obtained with a mechanical
process performed using high pressure and without solvents was provided by Hermetia Deutschland
GmbH & Co. KG (Baruth/Mark, Germany). In order to ensure that diets were isonitrogenous, isolipidic
and isoenergetic, the proportion of wheat meal and fish oil was reduced with increase in H. illucens.

The experimental feeds were prepared at the Department of Agricultural, Forest and Food Sciences
experimental facility. Finely ground ingredients and fish oil were thoroughly mixed with water and
pelleted using a2 mm meat grinder and dried at 50 °C for 48 h. Feeds were stored in dark bags at —20 °C
until use. The ingredients of the experimental diets are reported in Table 1. An additional control
group (BIO) was fed a commercial extruded diet (BioMar Inicio 2 mm, BioMar A/S, Brande, Denmark)
containing fish meal, wheat gluten, wheat, pea protein, soybean concentrate, rapeseed oil, fish oil and
yeast extract as main ingredients. Proximate composition (on a wet basis) according to manufacturer’s
label was CP 52%, crude lipid 23%, carbohydrates 12%, ash 8.7%, fiber 0.9%, total phosphorus (P) 1.2%
and GE 23.5 MJ/kg.

Table 1. Ingredients and proximate composition of Hermetia illucens larva meal and experimental diets.

Ingredients (g/kg) H. illucens Larva Meal CON H20 H40 H60
FM (Chile, super prime) 2 - 720 570 420 270
H. illucens larva meal ® 0 200 400 600
Wheat meal - 120 90 60 30
Fish oil - 60 40 20 0
Starch, D500 - 80 80 80 80
Mineral mixture ¢ - 10 10 10 10
Vitamin mixture 9 - 10 10 10 10
Proximate composition®
DM (g/100 g) 94.18 88.74 90.76 90.59 90.51
CP (g/100 g DM) 55.34 54.50 54.37 54.10 53.91
EE (g/100 g DM) 17.97 11.92 11.95 11.62 11.64
Ash (g/100 g DM) 7.12 14.77 13.70 12.44 11.41
Chitin (g/100 g DM) 5.00 - 0.98 2.12 3.15
NFE (g/100 g DM) 14.57 18.81 19.02 19.72 19.89
Gross energy (M]/kg DM) & 22.90 22.54 23.02 23.26

FM, fishmeal; DM, dry matter; CP, crude protein; EE, ether extract; NFE, nitrogen free extracts, groups CON,
H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens meal, respectively. ? Fishmeal was
purchased from Corpesca S.A. (Santiago, Chile). Proximate composition (% as-fed basis): 90.4 DM; 66.7 CP; 8.3 EE;
14.9 Ash. b Hermetia illucens larvae meal purchased from Hermetia Deutschland GmbH & Co. KG (Baruth/Mark,
Germany). ¢ Mineral mixture (g or mg/kg diet): bicalcium phosphate 500 g, calcium carbonate 215 g, sodium
salt 40 g, potassium chloride 90 g, magnesium chloride 124 g, magnesium carbonate 124 g, iron sulphate 20 g,
zinc sulphate 4 g, copper sulphate 3 g, potassium iodide 4 mg, cobalt sulphate 20 mg, manganese sulphate 3 g,
sodium fluoride 1 g (Granda Zootecnica, Cuneo, Italy). 9 Vitamin mixture (IU or mg/kg diet): DL-tocopherolacetate,
60 IU; sodium menadione bisulphate, 5 mg; retinylacetate, 15,000 IU; DL-cholecalciferol, 3000 IU; thiamine, 15 mg;
riboflavin, 30 mg; pyridoxine, 15 mg; vitamin B12, 0.05 mg; nicotinic acid, 175 mg; folic acid, 500 mg; inositol,
1000 mg; biotin, 2.5 mg; calcium panthotenate, 50 mg; choline chloride, 2000 mg (Granda Zootecnica, Cuneo, Italy).
€ Values are reported as mean of triplicate analyses. f Calculated as 100 — (CP + EE + Ash + Chitin). & Determined by
bomb calorimetry.

2.2. Fish and Feeding Trial

Eurasian perch juveniles were obtained from pond-reared larvae and intensively reared juveniles in
an RAS[22]. The RAS (4360 L total water volume) included fifteen 75 L rearing tanks, a mechanical drum
filter AEM 15 (AEM-Products V.O.F, Lienden, The Netherlands), a 1620 L tank with a series of filtration
sections, Bioakvacit PP10 (Jezirka Banat s.r.0., Hnévotin, Czech Republic), a moving bed biofilter (1620 L)
with media BT10 (Ratz Aqua & Polymer Technik, Remscheid, Germany), UV treatment AquaForte
55 W (AquaForte, Veghel, The Netherlands) and an Eheim Jager Thermocontrol 300 flow-through
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heater (Eheim GmbH & Co KG, Stuttgart, Germany) incorporated directly into the recirculation flow.
The flow rate in the tanks was approximately 80 L h~! with light aeration. Photoperiod was set at
12:12 h (dark: light) with light intensity of 500-700 Lx at the surface. Oxygen saturation (83.7 + 6.2%),
pH (6.83 + 0.52) and water temperature (22.5 + 0.7 °C) (HACH HQ 40, Germany) were measured
daily at 08.00 and 16.00. Ammonia, nitrate and nitrite concentrations were analyzed at two-day
intervals with kits (HACH, LCK 304, LCK 339, LCK 341), using a HACH DR2800 spectrophotometer.
The concentration of nitrite-N, nitrate-N and ammonia-N were 0.62 + 0.44 mg L1, 88.88 + 57.31 mg L~}
and 2.07 + 1.02 mg L7}, respectively.

A total of 750 juvenile European perch were lightly anaesthetized (0.3 mL L' of clove oil),
individually weighed (initial body weight (BWi) 21.9 + 4.2 g) using a digital balance (Pioneer,
Ohaus Corporation, Parsippany, NJ, USA, d = 0.01 g) and randomly allocated to one of the fifteen
75 L rectangular plastic tanks at a stocking density of 14.6 kg m—. The four experimental diet groups
and the BIO group were randomly allocated to the fifteen tanks, with each diet tested in triplicate.
Fish were fed manually to subjectively-judged satiation five times daily (09:00, 11:00, 13:00, 15:00 and
17:00 h). Care was taken to avoid feed waste and to ensure that all supplied feed was consumed.
The feeding trial lasted 84 days.

2.3. Growth Performance

At the end of the trial, all fish were individually weighed and growth performance was calculated
using following equations:

Survival (S, %) = 100 x Nf (Ni — Ns)~!

Initial coefficient of variation (ICV, %) = (SD/BWi) x 100
Final coefficient of variation (FCV, %) = (SD/BWf) x 100
Specific growth rate (SGR, % day_l) = ((InBWf — InBWi)/Nd) x 100
Feed conversion ratio (FCR) = (TFS/WG)
Protein efficiency ratio (PER) = (WG (g)/TPS total protein fed (g, DM))
Feeding rate (FR, %j/d) = ((TFS x 100/Nd))/(e (InBWf + InBWi) x 0.5),

where Ni and Nf = initial and final number of fish per tank, Ns = number of sampled fish per
tank, BWf = final body weight (g), BWi = initial body weight (g), Nd = number of feeding days,
TFS = total feed supplied (g), TPS = total protein supplied (g, DM), SD = standard deviation
of subsample BW, BWi = initial mean body weight, BWf = final mean body weight,
InBWf = natural logarithm of final body weight, INBWi = natural logarithm of initial body weight,
DM = dry matter, WG = weight gain.

2.4. Condition Factor, Somatic Indexes and Occurrence of Spleen Lipidosis

To calculate condition factor (K), at the end of the growth trial, fifty fish from each tank were
anaesthetized (0.3 mL L™! of clove oil) and individually weighed and measured for total length
(TL, mm) and standard length (SL, mm) within 1 mm using a ruler.

K was calculated as:

K = (BW{/TL) x 100,

where BWf = final body weight (g), TLf = final body length (cm).
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At the end of the trial, 30 fish/tank were killed by overdosing of anesthesia with clove oil and wet
weight of liver, spleen, viscera and perivisceral fat recorded (+0.01 g) for calculation of somatic indices
using the equations:

Hepatosomatic index (HSI) = W1 (weight, g) x 100/BW (body weight, g)

Splenosomatic index (SSI) = Ws (weight, g) X 100/BW (body weight, g)
Viscerosomatic index (VSI) = Wv (weight, g) X 100/BW (body weight, g)
Perivisceral fat index (PFI) = Wpf (weight, g) x 100/BW (body weight, g),

where W1 = liver weight (g), Ws = spleen weight (g), Wv = viscera weight (g), Wpf perivisceral
fat weight (g).
Frequency of occurrence splenic lipidosis [2], was calculated according to the equation:

SL = 100/Nt x Nsl,
where Nt is total number of investigated fish and Nsl is number of fish with spleen lipidosis.

2.5. Chemical Analyses

The H. illucens larva meal chemical analysis was obtained from Renna et al. [15]. The proximate
composition and energy of diets are reported in Table 1. Feed samples were finely ground (MLI 204;
Biihler AG, Uzwil, Switzerland) and analyzed for DM (AOAC, n. 934.01), CP (AOAC, n. 984.13)
and ash (AOAC, n. 942.05) content according to AOAC International [23]. The EE content (AOAC,
n. 2003.05) was analyzed according to AOAC International [24]. The GE content was determined
using an adiabatic bomb calorimeter (C7000; IKA, Staufen, Germany). Chitin content was determined
following Finke [25], by correcting for the amino acid (AA) content of the acid fiber detergent (ADF)
fraction and assuming the remainder of the ADF fraction to be chitin. The AA composition of H. illucens
larva meal and FM used in the experimental diets is shown in Table 2. Amino acid quantification
was conducted according to De Marco et al. [26]. After 22 h hydrolysis in 6N HCl at 112 °C under a
nitrogen atmosphere, the AA content in the hydrolysate was assessed by HPLC after post-column
derivatization. Performic acid oxidation occurred prior to acid hydrolysis for methionine and cystine.
Tryptophan was not determined.

At the end of the trial, whole-body homogenate of six fish from each group was analyzed for DM,
CP, EE, organic matter (OM) and ash content according to the procedure used for feed analyses [23,24].
The DM content was measured according to AOAC (n. 934.01; [23]).

Fatty acid profiles were determined both in feed and fish whole-body homogenate (3 fish/tank,
9 fish/group), according to the method of Sampels et al. [27]. Initially, lipids were extracted by
the hexan-isopropanol method according to Hara and Radin [28]. Fatty acid methyl esters (FAME)
were prepared by the BF; method according to Appelqvist [29] and analyzed using FAME C 11:0
as an internal standard by a gas chromatograph (Trace Ultra FID; Thermo Scientific, Milan, Italy)
equipped with a flame ionization detector, using a BPX 70 column (length 50 m, i.d. 0.22 mm,
film thickness 0.25 um) (SGE Inc., Austin, TX, USA). The peaks were identified using Thermo Xcalibur
3.0.63 (Thermo Fisher Scientific Inc., Waltham, MA, USA) software and quantification was achieved
by comparing sample retention times and peak areas to retention times and peak area in 7 levels
(1000 ug/mL-15 ug/mL) of the standard mixture Supelco 37 component FAME mix (Sigma-Aldrich,
St. Louis, MO, USA). Fatty acid profiles for feed are shown in Table 3, analysis were performed
in triplicate.
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Table 2. Amino acid (AA) profile (% of protein) of Hermetia illucens larva meal and experimental diets.

H. illucens CON H20 H40 H60
Essential AA
Arginine 3.9 6.2 57 5.2 47
Histidine 2.2 2.4 24 2.3 2.3
Isoleucine 33 4.2 4.0 3.8 3.6
Leucine 5.2 7.3 6.8 6.4 5.9
Lysine 3.8 7.4 6.7 5.9 5.1
Methionine 2.1 2.7 2.5 2.2 2.0
Cysteine 0.1 0.9 0.7 0.5 0.4
Phenylalanine 3.0 4.0 3.7 3.5 3.3
Tyrosine 4.8 3.1 3.4 3.8 4.1
Threonine 3.1 4.1 3.9 37 35
Valine 49 49 49 49 49
Non-essential AA

Alanine 6.2 6.1 6.1 6.1 49
Aspartic acid 6.7 8.8 8.4 79 7.5
Glycine 4.2 0.9 1.6 2.2 29
Glutamic acid 8.8 7.0 7.3 7.6 79
Proline 5.5 12.3 10.9 9.5 8.0
Serine 3.7 4.1 4.0 3.9 3.8

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal, respectively.

Table 3. Fatty acid profile of experimental diets for Eurasian perch. Data are expressed as percent of
total FAs (mean = SD, n = 3).

FA CON H20 H40 H60
C12:0 2.54 +0.27 11.89 +0.17 2447 +1.81 3437 +1.23
C14:0 4.76 + 0.04 6.54 + 0.06 8.77 £0.11 10.74 £ 0.38
Cl14:1 0.05+0.01 0.13 £ 0.01 0.24 +£0.01 0.33 +£0.01
C15:0 0.40 = 0.01 0.35+0.01 0.28 +£0.01 0.23 £0.01
C16:0 15.38 + 0.04 16.01 £ 0.05 16.58 + 0.32 17.21 £ 0.69
C16:1 4.21 +0.01 4.49 +0.01 4.79 +0.10 5.08 £0.11
C18:0 3.77 £ 0.03 3.63 £ 0.04 3.22 +0.07 3.02+0.13

C18:1n9trans 0.08 £ 0.01 0.07 £ 0.01 0.07 £0.01 0.06 +£0.01
C18:1n9 26.60 + 0.20 22.08 £ 0.02 16.20 + 0.36 11.29 + 0.27
C18:1n7 3.23 +£0.02 2.57 £0.01 1.68 + 0.04 0.94 + 0.04
C18:2n6 9.18 + 0.03 8.61 +0.01 7.79 £0.18 720+0.14
C18:3n6 0.20 +0.01 0.16 + 0.01 0.11 +£0.01 0.07 + 0.01
C18:3n3 3.15+0.01 2.56 +0.01 1.80 £ 0.05 1.14 £ 0.03

C20:0 0.32 +0.01 0.27 +0.01 0.21 £ 0.01 0.15 +0.01
C20:1n9 2.55 +0.02 1.91 £ 0.01 1.05 £ 0.03 0.32 +0.03
C20:3n6 0.76 + 0.01 0.56 + 0.01 0.31 +0.01 0.09 +0.01
C20:3n3 0.71 £ 0.01 0.56 + 0.01 0.38 + 0.01 0.23 +0.01
C20:4n6 0.32 +0.01 0.24 +0.01 0.13 £ 0.01 0.03 + 0.01
C22:0 0.16 = 0.01 0.13 +£0.01 0.08 +£0.01 0.05+0.01
C22:1n9 0.37 £0.01 0.27 £ 0.01 0.15+0.01 0.04 £0.01
C20:5n3 6.80 = 0.03 5.44 +0.01 3.72+0.10 2.21+0.01
C22:2 0.07 £ 0.01 0.05 +0.01 0.32 £ 0.50 0.65 + 0.56
C24:0 0.17 £ 0.01 0.13 +0.01 0.10 £ 0.01 0.05 + 0.03
C24:1n9 0.55 + 0.01 0.44 +0.01 0.29 + 0.01 0.16 + 0.01
C22:5n3 1.44 +0.01 1.06 £ 0.02 0.69 £ 0.02 0.31 +0.02
C22:6n3 12.23 £ 0.18 9.85+0.11 6.61 +£0.15 4.03+0.14
SFA 27.58 £ 0.34 39.00 £ 0.12 54.02 +1.06 66.47 £ 0.77
MUFA 37.63 £0.23 31.96 + 0.03 24.45 + 0.54 18.23 £ 0.40
PUFA 3479 +£0.21 29.04 £ 0.11 21.53 +0.51 15.30 + 0.38
n-3 24.33 +£0.22 19.47 £ 0.12 13.20 £ 0.32 7.90 +£0.28
n-6 10.46 + 0.03 9.57 £ 0.01 8.33 £0.19 7.39 £0.15
n-3/n-6 2.33 £0.02 2.03 £0.01 1.58 + 0.01 1.07 £ 0.03

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal, respectively;
SD, standard deviation, FA fatty acid, SFA saturated fatty acids, MUFA, monounsaturated fatty acids, PUFA,

polyunsaturated fatty acids.
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2.6. Haematological Analyses

At the end of experiment, three fish per tank (nine fish from each group) were over-anaesthetized
with clove oil and blood samples were taken for hematological analysis. Red blood cell count (RBCC),
hematocrit (HCT), hemoglobin concentration (Hb), mean corpuscular volume (MCV), mean corpuscular
hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC) were measured
according to Svobodova et al. [30].

2.7. Economic Analysis and Environmental Sustainability of Feeds

To determine the relative efficacy and benefits of tested diets, economic conversion ratio (ECR)
and economic profit index (EPI) for each tested group was calculated by the following equations:

ECR (€ kg of fish™) = FCR x DP

EPI (€ fish™!) = (WG x SP) — (WG x DP),

where FCR is feed conversion ratio (kg feed per kg fish); DP is cost per kg feed; WG is weight gain.
The per kilogram cost in euros, excluding labor and taxes, of all components from commercial retailers
was as follows: FM = € 1.48; H. illucens larva meal = € 3.5; wheat meal = € 0.61; fish oil = € 1.32;
gelatinized starch = € 0.75; mineral mixture = € 0.49; vitamin mixture = € 3.85. This resulted in per kg
feed cost of CON = € 1.31; H20 = € 1.75; H40 = 2.18; H60 = € 2.61; and BIO = € 2.53. Eurasian perch
sale price (SP) was calculated at € 6.50 kg~!.

Fish-in fish-out (FIFO) ratio was used as a practical measure of the quantity of live fish from
capture fisheries required for each unit of farmed fish produced [31]. This indicator of environmental
sustainability of feeds was calculated as follows:

FIFO = (LFM + LFO)/(YFMw + YFOw) x FCR,

where LEM is level of fishmeal in the diet; LFO is level of fish oil in the diet; YEMw is yield of fishmeal
from wild fish; YFOw is yield of fish oil from wild fish; FCR is feed conversion ratio.

We estimated the impact of FM substitution with H. illucens larva meal rapported to Metric Tons
(MT) on freshwater demand (WD, m3/MT), land demand (LD, ha/MT), energy use (EU, GJ/MT) and
greenhouse gas production (GWP, kg CO,7%4). Mean WD, LD and EU for FM, wheat, fish oil, starch and
mineral and vitamin mixes were obtained from Chatvijitkul et al. [32]. Data of WD, LD, EU and GWP
for H. illucens larva meal was retrieved from Roffeis et al. [33]. Finally, GWP for FM was sourced from
Thevenot et al. [34] and GWP for wheat meal from Heusala et al. [35].

2.8. Statistical Analyses

All data were tested for homogeneity of variance using Cochran, Hartley and Bartlett tests.
Normality of data was tested by Shapiro-Wilk test. Perivisceral fat index, splenosomatic index,
some minor fatty acids, hemoglobin, mean corpuscular hemoglobin, mean corpuscular hemoglobin
concentration and economic profit index were analyzed using Kruskal-Wallis non-parametric test as
these data does not show normality. All other remaining parameter results were analyzed separately
by one-way ANOVA. Differences were considered significant at p < 0.05 (post-hoc test: Tukey test).
The data were expressed as mean + SD and statistical analyses were performed using STATISTICA 12.0
(StatSoft CR, Prague, Czech Republic). As BIO was a completely different diet, not comparable with
respect to composition, nutrient and energy contents, it was not included in the statistical analyses.
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3. Results

3.1. Diet Composition

Diets were comparable in proximate composition, which reflected the calculated one. The amino
acid profile of H. illucens larva meal and experimental diets is presented in Table 2. Leucine, tyrosine
and valine were the most common EAAs in the H. illucens larva meal, with the non-essential AAs
glutamic and aspartic acid showing the highest content. Hermetia illucens larva meal showed similar
values for histidine and lower values for arginine and lysine than observed in FM [36]. With increasing
dietary H. illucens proportions, all EAAs decreased except valine and tyrosine, which remained constant
and increased, respectively.

3.2. Growth Trial

Fish survival and growth performance are shown in Table 4. With all diets, fish tripled their
initial body weight. Fish readily accepted the feeds and no rejection was recorded. At the end of the
84-day experiment, no significant differences in survival were observed among diets. There were no
significant differences among experimental groups in BWi, ICV and FCV. On the other hand, BWf, SGR,
PER and FR differed significantly with diet, with the H60 treatment showing lower values compared
to other treatments.

Table 4. Survival and growth performance of Eurasian perch fed experimental diets and the commercial
control diet (mean + SD; n = 3).

Items CON H20 H40 H60 SEM  p-Value BIO *
Survival, % 98.7 +2.3 98.7 +2.3 98.0+1.2 993 +1.2 0.512 0.878  96.0 £4.0
BW,, g 219 +0.1 22.0+0.1 221+0.1 22.0+0.1 0.023 0.195  22.0+0.1
BW¢, g 63.8+1.2°2 67.1+202 68.1+1.82 58.0+32P 1.305 0.002 741 + 6.0
WG, g 418+1.02 451+204 46.0+1.72 36.0+32P 1.296 0.002  521+59
ICV, % 19.4 £ 0.6 19.6 + 0.8 19.5 £ 0.9 19.3 £ 0.9 0.205 0.981 19.0 £ 0.9
FCV, % 379+16 329+7.0 343+7.1 383+1.8 1.439 0525  424+9.1
SGR, %/d 1.25 + 0.06 &P 1.30 +£0.03 2 1.30 + 0.04 2 1.14 +0.03 P 1.331 0.000 1.39+0.11
FCR 1.00 +£0.07> 091 +0.05b 091 +0.04" 1.12 £ 0.06 2 0.029 0.006  0.96 +0.13
PER 1.72 £ 0.12 @b 191 +0.112 1.90 + 0.08 2 1.55 + 0.08 P 0.050 0.000 1.88+0.23
FR, %/d 1.36 + 0.03 2P 1.30 +£0.04 2 1.30 + 0.012 1.39 £ 0.04P 0.014 0.023 147 +0.06

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal respectively; BIO is a
commercial diet (BioMar Inicio, Brande, Denmark). SD, standard deviation, SEM, standard error of the mean; BW;,
initial body weight; BW¢, final body weight; WG, weight gain; ICV, initial coefficient of variation of weight; FCV,
final coefficient of variation of weight; SGR, specific growth rate; FCR, feed conversion ratio; PER, protein efficiency
ratio; FR, feeding rate. Different letters within a row indicate significant differences (p < 0.05). * Statistical analysis
did not include BIO.

3.3. Condition Factor, Somatic Indices and Occurrence of Spleen Lipidosis

Fish fed H60 showed lower K and HSI compared to fish fed the CON diet, while no differences
among treatments were recorded in any other parameter (Table 5). No splenic lipidosis was recorded
in fish fed insect meal, while a high occurrence was recorded in fish fed the BIO diet.
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Table 5. Condition factor (n = 45), somatic indices and occurrence of splenic lipidosis (n = 90) of

Eurasian perch juveniles fed experimental diets and the commercial control diet (mean + SD).

Items CON H20 H40 H60 SEM  p-Value BIO *
K 1.20 + 0.02 @b 122 +0.022 1.19 + 0.01 2P 1.15+0.01P 0.008 0.020  1.28+0.03
HSI 1.76 +0.20 @ 1.41 £0.123P 148 +0.102P 1.21 £ 0.07P 0.067 0.006  1.37 +0.04
Ssl 0.12 £ 0.04 0.11 + 0.04 0.10 + 0.04 0.11 £ 0.05 0.010 0964  0.13+0.02
VSI 291 +0.38 2.79 £0.17 2.94 +£0.19 3.06 £ 0.05 0.063 0.608 290 +0.19
PFI 6.19 + 0.68 5.63 +0.19 6.06 £ 0.78 5.53 £ 0.25 0.157 0.826 943 +0.97
SL 39671 NF NF NF - 195+ 13.6

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal, respectively, BIO is
a commercial diet (BioMar Inicio, Brande, Denmark). SD, standard deviation, SEM, standard error of the mean;
K, condition factor; HSI, hepatosomatic index; SSI, splenosomatic index; VSI, visceromatic index; PFI, perivisceral
fat index; SL, splenic lipidosis; NF, not found. Different letters within a row indicate significant difference (p < 0.05).
* Statistical analysis did not include BIO. No statistical analysis was performed for SL, as some diet groups did not

show lipidosis.

3.4. Proximate and Fatty Acid Composition of Whole Fish Homogenate

The proximate composition of the whole fish homogenates showed no significant differences in
DM, CP and EE content (Table 6). On the other hand, OM and GE content showed a decreasing trend
with increased the H. illucens meal in the feed, while the opposite was recorded for ash content.

Table 6. Proximate composition of whole-body homogenate of Eurasian perch fed experimental diets
and the commercial control diet (mean + SD, n = 6).

Items CON H20 H40 H60 SEM  p-Value BIO *
DM (g/100 g) 333+1.0 329+ 06 325+ 06 32105 0.186 0142  366=%1.1
CP (g/100 g DM) 241+3.1 21.8+09 21.6 +0.6 20.7 +0.3 0.466 0.065  224+05
EE (g/100 g DM) 10.1+1.3 95+0.2 8.7 +0.5 85+0.8 0.232 0052  135+1.0
OM (g/100gDM)  28.6+1.0%  279+0.6°2 272+0.62 264 +08P 0.254 0.001  321+09
Ash (g/100gDM) 47 +03P 50+02b 53+02Pb 56+032 0.098 0.003 45+04
GE MJ/kgDM)  0.81+0.042 0.78+0.012  0.75+0.022 0.74 £0.03P 0.009 0.014  0.95+0.04

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal, respectively; BIO is
a commercial diet (BioMar Inicio, Brande, Denmark). SD, standard deviation, SEM, standard error of the mean;
DM, dry matter; CP, crude protein; EE, ether extract; OM, organic matter; GE, gross energy. Different letters within
a row indicate significant difference (p < 0.05). * Statistical analysis did not include BIO.

The fatty acid composition of Eurasian perch was significantly affected by the feed (Table 7).
In general, saturated fatty acids (SFA) content tended to increase with increased H. illucens larva
meal proportions with exception of C15:0 and C20:0. A trend similar to SFA was observed for
monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). Significant differences
were found both in omega-6 and omega-3 content that decreased among tested H. illucens larva meal
diets and consequently, the n-3/n-6 ratio decreased with increasing H. illucens larva meal inclusion.
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Table 7. Fatty acid (FA) profile of whole-body homogenate Eurasian perch fed experimental and

commercial control diet. Data are expressed as percent of total FAs (mean + SD, n =9).

FA CON H20 H40 H60 SEM p-Value BIO *
C12:0 1.00 + 1.56 P 476 +1.81P  883+1242P  1203+1.492 0.79 <0.001 0.20 £ 0.20
C14:0 467 +061¢ 5.96 + 0.64 ¢ 7.41+035P 9.14+0.722 0.315 <0.001 5.52 +0.18
C14:1 0.54 +0.074 0.63 +0.05¢ 0.79 £ 0.03P 0.96 + 0.06 2 0.03 <0.001 0.66 + 0.03
C15:0 042+0.022  036+0032b  034+002P 0.34 +0.05° 0.008 <0.002 0.49 + 0.02
C16:0 17.49 + 1.04 18.45 + 0.79 17.81 + 0.67 183 +1.79 0.206 0.335 18.98 + 1.03
C16:1 9.46 + 057" 9.9 + 0.46 ¥ 1035+ 0422  1044+0512  0.109 0.001 10.81 + 0.41
C18:0 1.6 £ 0.07 1.20 + 0.74 0.96 + 0.80 1.70 + 0.40 0.112 0.262 1.23 + 0.08

C18:1n9trans 1.06 +0.102 0.84 £0.16° 0.84 £0.12P 0.74 £0.13P 0.03 <0.001 257 +£0.13

C18:1n9 27.34+0962  2634+0792 2399+1.04P 2142+068° 0436 <0.001 21.16 + 0.36
C18:1n7 307+020% 200+124%  1.70+1.05P 207 £0.172 0.167 <0.001 2.76 +0.08
C18:2n6 821+0402 7.74+028%  779+0402 7.28 +0.40° 0.087 <0.001 7.15 + 0.24
C18:3n6 0.08 +£0.09%>  0.06 +0.08° 0.04 +0.07" 0.17 +0.012 0.015 0.005 0.15 + 0.01
C18:3n3 223+0.162 1.99 +0.09 b 1.65 + 0.08 1.30 + 0.07 4 0.065 <0.001 1.77 + 0.05
C20:0 1.02 +£0.382 1.07 + 0.04 2 0.97 £0.092 0.42 +0.37P 0.065 0.001 0.98 + 0.95
C20:1n9 221+0232  1.73+0232P  158+0.22P 1.64+036P 0.063 0.003 425 +0.16
C20:3n6 0.11+0.052  0.07+0.06%  0.06+0.04>  0.09+0022P  0.008 0.035 0.06 + 0.03
C20:3n3 0.38 £0.252 0.32+0202 0.18 £0.19P 0.30 £0.042 0.034 0.050 0.41 + 0.04
C20:4n6 0.19+£0.08%  0.09+0.102>  005+007°  011+0.032"  0.015 0.009 0.14 + 0.02
C22:0 nd nd nd nd nd
C22:1n9 nd nd nd nd nd
C20:5n3 0.55 + 0.47 0.58 +0.26 0.74 £ 0.14 0.56 + 0.36 0.057 0.629 1.06 + 1.47
C22:2 423+0392 3.58 +0.33P 3.14 +0.38P 2.62+0.34°¢ 0.122 <0.001 5.99 +0.18
C24:0 nd nd nd nd nd
C24:1n9 nd nd nd nd nd
C22:5n3 1.16 +£0.152 098 +0.12° 0.75 + 0.07 0.58 +0.06 4 0.043 <0.001 1.09 + 0.09
C22:6n3 1291 +1.22 1135+ 1.12%  10.04 + 0.60° 7.66 +0.98 0.385 <0.001 12.46 + 0.59
SFA 3043 +25449  3537+238°¢  3947+138P  44.62+2552 1.012 <0.001 33.39 +1.39
MUFA 4374+0982 4144 +0.89P  3925+061¢ 3734+1.019 0455 <0.001 42.31 + 0.90
PUFA 2582 +1942 2318+177P 2128+100P 18.04+1.70¢ 0579 <0.001 24.30 + 1.67
n-3 1723 £1.582  1522+146° 13.34+0.78° 1040+1359 0504 <0.001 16.80 £ 1.57
n-6 8.59 +0.402 7.97 £0.45P 7.94 £ 0337 7.64 +0.37P 0.090 <0.001 7.50 £ 0.26
n-3/n-6 2.00+0.122 1.91 £0.142 1.68 £ 0.09 P 136 +0.12¢ 0.049 <0.001 224 +0.20

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens larva meal, respectively; BIO is
a commercial diet (BioMar Inicio, Brande, Denmark); SD, standard deviation, SEM, standard error of the mean;
SFA saturated fatty acids, MUFA, monounsaturated fatty acids, PUFA, polyunsaturated fatty acids. Different letters
within a row indicate significant difference (p < 0.05). * Statistical analysis did not include BIO; nd = not detected.

3.5. Haematological Analyses

Hemoglobin (Hb) concentration, HCT, RBBC, MCV, MCH and MCHC showed no differences
among the feeding groups (Table 8).

Table 8. Hematological parameters of Eurasian perch fed experimental and commercial control diet
(mean + SD, n =9).

Items Unit CON H20 H40 H60 SEM  p-Value BIO *
Hb (g/L) 51.5+29 514 +26 50.5+3.6 51.0+28 0.426 0.987 51.8+28
HCT (L/L) 324+69 31.9+10.2 304 +6.1 28.8+9.3 1.180 0.829 327+75
RBBC (T/L) 190+0.3 175+ 04 158 £0.2 1.81+0.6 0.060 0.466 1.89+0.4
MCV (f1) 173.1+434  1855+46.7 191.5+258 1659 +41.5 5.534 0.616 174.1 + 254
MCH (pg) 27.6 +4.5 325+4.5 324 +50 33.8+4.9 1.767 0.296 28.7 £ 6.8
MCHC (g/L) 0.17 £ 0.04 0.18 £ 0.07 0.17 £ 0.04 0.20 + 0.08 0.009 0.931 0.17 £ 0.05

Groups CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion, of H. illucens meal, respectively;
BIO is a commercial diet (BioMar Inicio, Brande, Denmark). SD, standard deviation, Hb, hemoglobin concentration;
HCT, hematocrit; RBCC, red blood cell count; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin;
MCHC, mean corpuscular hemoglobin concentration; SEM, standard error mean; * Statistical analysis did not
include BIO.
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3.6. Economic Analysis and Environmental Sustainability of Feeds

The FIFO index decreased proportionally with increased insect meal proportions, reaching
3.04 (CON), 2.17 (H20), 1.56 (H40) and 1.18 (H60). The H. illucens meal diets differed significantly with
respect to ECR and EPI (Table 9), with cost increasing concurrent with H. illucens meal replacement.
The inclusion of insect meal led to an overall increase of environmental sustainability parameters GWP,
EU and LD and a reduction in freshwater demand.

Table 9. Economic and environmental sustainability parameters of European perch production using
feeds differing in insect meal inclusion level (mean + SD, n = 3).

Items CON H20 H40 H60 SEM p-Value BIO *
FIFO 3.04+0212 217 +£0.12P 1.56 + 0.07 1.18 + 0.06 4 0.214 <0.01 -
GWP (kg
COpeq) 1.81 2.64 3.48 432 - - -
EU (GJ/MT) 15.35 24.80 34.26 43.71 - - -
LD (ha/MT) 0.06 0.08 0.11 0.13 - - -
WD (m3/MT) 376 304 232 161 - - -
ECR 1.4+0.10¢ 1.71+0.10¢ 213 +0.10° 3.13+0.172 0.198 <0.01 2.62 +0.34
EPI 0.36 +0.012 0.36 +0.012 0.34+0.012 0.26 +0.02 P 0.012 <0.04 0.35 + 0.04

CON, H20, H40 and H60 represent 0%, 20%, 40% and 60% inclusion of H. illucens meal, respectively; BIO
is a commercial diet (BioMar Inicio, Brande, Denmark). SD, standard deviation, FIFO, fish-in fish-out ratio;
ECR, economic conversion ratio; EPI, economic profit index, GWP, global warming potential; EU, energy use;
LD, land demand; WD, water demand; Different letters within a row indicate significant difference (p < 0.05).
* The statistical analysis did not include BIO.

4. Discussion

Intensive culture of Eurasian perch is still a young industry in Europe with the main producers
being Ireland, France, Poland, Belgium and Denmark. Insects have been proposed as an efficient
and high-quality alternative protein source for poultry [37,38], swine [11,39] and carnivorous
fish [13,15-17,20,40] and interest in use of insect meals in perch diets is high. Insects are a viable source
of protein and lipids [9,10] and a typical component of Eurasian perch natural diet. Nogales-Mérida [9],
confirmed insects as an excellent source of several vitamins and minerals including iron, potassium,
calcium and magnesium. Use of H. illucens insect meal is consistent with production of perch as an
organic product, as insect meal can be produced locally on a variety of substrates [41,42].

The present study represents the first reported use of defatted black soldier fly H. illucens larva
meal as an alternative feed ingredient for Eurasian perch reared in intensive culture. Bufiler et al. [43]
demonstrated that H. illucens is an appropriate insect species for insect meal production. It has a
well-balanced essential amino acid profile, an average protein content of 55% DM and ~35% fat DM,
which may be reduced to 5-9% by defatting, making it more digestible. However, complete FM
replacement by insect meal has not been shown feasible. Henry et al. [44], reported that the maximum
dietary replacement of FM by H. illucens meal ranges from 6 to 25%, depending on fish species,
with higher inclusion levels reducing growth performance. Sealey et al. [45], reported up to 50%
H. illucens inclusion without negative effects on growth of rainbow trout. Our study showed that there
is no significant effect up to 400 g/kg of H. illucens in the perch diet on body weight or specific growth
rate. Similar results were demonstrated by Renna et al. [15], where partially defatted H. illucens larva
meal up to 40% of inclusion level was used in rainbow trout diet without negative effects on survival
rate, growth performance, condition factor, somatic indices, physical quality or gut morphology.
Magalhaes et al. [17], replaced 45% of the FM in diet of juvenile European seabass with up to 19.5%
H. illucens meal corresponding to 22.5% protein without adverse effects on growth performance and
feed utilization. Kroeckel et al. [20], reported that inclusion higher than 33% of defatted H. illucens
larvae decreased protein digestibility, feed acceptance and growth performance of juvenile turbot.
Lock et al. [12], showed that drying slightly defatted H. illucens meal (255 g/kg DM) at low temperature
is the most suitable procedure and produced a good alternative feed for Atlantic salmon growth.
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Proximate composition of fish is driven by endogenous (size, life cycle stage) as well as exogenous
factors (water quality, feed) [46]. To minimize bias, we reared European perch under similar conditions.
We found no significant differences in DM, CP and EE in whole-fish homogenate among tested
H. illucens diets. This is in line with Gasco et al. [47], who found no significant difference in DM
and CP content of European sea bass fed mealworm Tenebrio molitor at different diet proportions.
Contrary results were obtained in rainbow trout fed T. molitor, in which increasing the proportion of
insect meal triggered significant decreases in DM, CP and EE [48], while increased enriched H. illucens
prepupae content resulted in decline in DM and EE [45].

Reduction in DM and EE content may result from decreased nutrient availability [15], depending on
insect species [23,42] or on its culture substrate [37,39]. Culture substrate also substantially affects
insect ash content [49,50]. Although body ash content has been reported similar among fish consuming
various insect meal diets [20,51], we found a significant difference among our diet groups, with the
highest ash content in H60, while lower ash levels were observed in CON, H20 and H40 groups. This is
in contrast to the proximate analysis of tested diets per se, in which the ash content decreased with
increasing H. illucens inclusion. Kirchgessner and Schwarz [52] and Shearer [46] reported no effect
of crude dietary ash on ash content of fish body, provided sufficient levels of essential elements are
present. This suggests that the partially defatted H. illucens meal used in our study may lack some
essential element or elements, although this complex mechanism is largely unexplored and needs
further study. The GE content decreased significantly with increased H. illucens larva meal inclusion,
reflecting the non-significant decrease in both CP and EE with higher H. illucens larva content.

We found total n-3 and n-6 fatty acid in Eurasian perch to decrease significantly with higher
levels of H. illucens larva meal in the diet, reflecting lower fish oil content, with the n-3/n-6 ratio being
inversely related to H. illucens inclusion. This is in agreement with findings of Borgogno et al. [51]
and Renna et al. [15], who reported significant reduction of n-3/n-6 ratio in rainbow trout fed with
H. illucens larva meal. The opposite effect was observed in Atlantic salmon fed H. illucens meal [13].
The differences among studies could be related to diet composition. In the present study, as well as
those of Borgogno et al. [53] and Renna et al. [15], fish oil was used as a fat source, while Belghit et
al. [54], used large quantities of rapeseed oil, which contain high level of n-6 polyunsaturated fatty
acids contributing to maintain constant the n-3/n-6 ratio between insect meal based diets.

These comparisons underscore differences among insect species and culture media. We found
increased H. illucens proportions to be associated with significantly higher SFA content in fish
homogenate, reflecting that partially defatted H. illucens meal is rich in SFAs (lauric acid C12:0, myristic
acid C14:0 and palmitic acid C16:0), while T. molitor larva meal is rich in MUFAs and n-6 PUFAs.
A similar trend was observed in studies of Jian carp [55] and rainbow trout [13], fed H. illucens larva
meal. The positive effect on HSI observed in the present study could be related to reduction of lipid
storage in liver, as was demonstrated in Atlantic salmon [54].

Hematological parameters, essential tools in evaluation of fish welfare related to stress and
immune status [56-58], are highly influenced by feeding regime [59]. Studies of FM substitutes
such as cottonseed [60], soybean [61,62], housefly (Musca domestica) maggot [63] and cricket
(Gryllus bimaculatus) [64], showed no significant effect of tested meals on hematological parameters
of fish of various species. This reinforces our suggestion that dietary H. illucens larva meal does not
impact welfare of Eurasian perch but further investigations of diet formulations and feeding strategies
are needed to collect additional data for this new area of study and to obtain more comprehensive
results on fish growth rate.

The fish-in fish-out ratio is a practical indicator of environmental sustainability [31]. This index
uses a global average wet weight (whole fish) to fishmeal yield of 22.5% and wet weight to fish oil yield
of 5%. A ratio >1 indicates net removal of fish globally. We found the FIFO ratio to be substantially
reduced with increasing proportions of insect meal and that FIFO could be decreased by 49% in perch
fed an insect-based diet without affecting growth. This downward trend is in agreement with forecast
of Tacon and Marc [65].
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Increasing H. illucens larva meal proportions in commercial fish feeds could lead to higher energy
and land use and increased greenhouse gas production. A lower impact was found for freshwater
use. Insect meal inclusion level, which does not affect growth parameters, led to a 144% increase in
greenhouse gas production, 123% increase in energy demand and 77% increase in land use. Fresh water
use was decreased by 38% compared to control. These findings suggest ongoing monitoring of
agricultural resources and related socio-economic and environmental impact during the shift in
resource demands from the oceans onto the land.

Future studies should be focused on fine-tuning for optimal insect meal inclusion in the range
of 40% to 60%, as well as evaluation of diets with a higher contribution of plant-based protein in
combination with insect meal. Long-term studies of rearing fish to a higher market size (>200 g),
in combination with sensory and texture analysis of the final product, should be carried out to explore
full potential of insect-based diets for perch.

When the inclusion level was >60%, growth was significantly reduced compared with the control
group, suggesting that incorporation of up to 40% H. illucens larva meal in the feed formulation for
perch is feasible and can reduce reliance on marine resources. However, even if presents limitations,
such as production cost and increased impact in some environment-related parameters, the partial
replacement of fishmeal by insect protein will be more important in the future as getting enough
amount of fishmeal will be difficult and culture of insects like a H. illucens using waste food means to
convert non-resources to important protein resources is a promising solution to cope this problem.

Author Contributions: Conceptualization, L.G. and EG.; methodology, L.G. and P.T.G.; data curation, H.Q.T.
and PT.G.; formal analysis, HQ.T., T.G. and M.P,; funding acquisition, V.S., project administration, V.S.,
validation, PT.G. and L.G., writing—original draft preparation, V.S. and L.G.; writing—Review and editing, all the
authors. All authors have read and agreed to the published version of the manuscript.

Funding: The study was financially supported by the Ministry of Agriculture of the Czech Republic and NAZV
project (QK1810296).

Acknowledgments: The authors thank Hermetia Deutschland GmbH & Co. KG (Baruth/Mark, Germany) for
providing Hermetia illucens larva meal.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. The State of World Fisheries and Aquaculture 2016: Contributing to Food Security and Nutrition for All;
FAO: Rome, Italy, 2016; p. 200.

2. Stejskal, V.; Koutil, J.; Policar, T.; Svobodova, Z. Splenic lipidosis in intensively cultured perch, Perca fluviatilis L.
J. Fish Dis. 2015, 39, 87-93. [CrossRef]

3.  Oliva-Teles, A.; Enes, P; Peres, H. Replacing fishmeal and fish oil in industrial aquafeeds for carnivorous fish.
In Feed and Feeding Practices in Aquaculture; Woodhead Publishing: Cambridge, UK, 2015; pp. 203-233.

4. Gasco, L.; Gai, F; Maricchiolo, G.; Genovese, L.; Ragonese, S.; Bottari, T.; Caruso, G. (Eds.) Fishmeal
alternative protein sources for aquaculture feeds. In Feeds for the Aquaculture Sector: Current Situation and
Alternative Sources; Springer International Publishing: Berlin, Germany, 2018; pp. 1-28.

5. The State of World Fisheries and Aquaculture 2018: Meeting the Sustainable Development Goals;
FAO: Rome, Italy, 2018.

6.  Merrifield, D.L.; Olsen, R.E.; Myklebust, R.; Ringg, E.; El-Shemy, H. Dietary Effect of Soybean (Glycine max)
Products on Gut Histology and Microbiota of Fish. In Soybean and Nutrition; El-Shemy, H., Ed.; InTech:
London, UK, 2011; pp. 231-250.

7. Gai, F; Gasco, L.; Dapra, F; Palmegiano, G.B.; Sicuro, B. Enzymatic and Histological Evaluations of Gut
and Liver in Rainbow Trout, Oncorhynchus mykiss, Fed with Rice Protein Concentrate-based Diets. J. World
Aquac. Soc. 2012, 43, 218-229. [CrossRef]


http://dx.doi.org/10.1111/jfd.12327
http://dx.doi.org/10.1111/j.1749-7345.2012.00557.x

Animals 2020, 10, 1876 14 of 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

Moutinho, S.; Martinez-Llorens, S.; Tomas-Vidal, A.; Jover-Cerdd, M.; Oliva-Teles, A.; Peres, H. Meat and
bone meal as partial replacement for fish meal in diets for gilthead seabream (Sparus aurata) juveniles:
Growth, feed efficiency, amino acid utilization, and economic efficiency. Aquaculture 2017, 468, 271-277.
[CrossRef]

Nogales-Mérida, S.; Gobbi, P.; Jozefiak, D.; Mazurkiewicz, J.; Dudek, K.; Rawski, M.; Kieronczyk, B.;
Jézefiak, A. Insect meals in fish nutrition. Rev. Aquac. 2018, 11, 1080-1103. [CrossRef]

Gasco, L.; Biasato, I.; Dabbou, S.; Schiavone, A.; Gai, F. Animals Fed Insect-Based Diets: State-of-the-Art on
Digestibility, Performance and Product Quality. Animals 2019, 9, 170. [CrossRef]

Biasato, I.; Renna, M.; Gai, F; Dabbou, S.; Meneguz, M.; Perona, G.; Martinez, S.; Lajusticia, A.C.B.;
Bergagna, S.; Sardi, L.; et al. Partially defatted black soldier fly larva meal inclusion in piglet diets: Effects on
the growth performance, nutrient digestibility, blood profile, gut morphology and histological features.
J. Anim. Sci. Biotechnol. 2019, 10, 12. [CrossRef]

Lock, E.; Arsiwalla, T.; Waagbg, R. Insect larvae meal as an alternative source of nutrients in the diet of
Atlantic salmon (Salmo salar) postsmolt. Aquac. Nutr. 2015, 22, 1202-1213. [CrossRef]

Belghit, I; Liland, N.S.; Gjesdal, P; Biancarosa, I.; Menchetti, E.; Li, Y.; Waagbg, R.; Krogdahl, A Lock, E.-J.
Black soldier fly larvae meal can replace fish meal in diets of sea-water phase Atlantic salmon (Salmo salar).
Aquaculture 2019, 503, 609-619. [CrossRef]

Fisher, H.J.; Collins, S.A.; Hanson, C.; Mason, B.; Colombo, S.M.; Anderson, D.M. Black soldier fly larvae
meal as a protein source in low fishmeal diets for Atlantic salmon (Salmo salar). Aquaculture 2020, 521, 734978.
[CrossRef]

Renna, M.; Schiavone, A.; Gai, F; Dabbou, S.; Lussiana, C.; Malfatto, V.; Prearo, M.; Capucchio, M.; Biasato, L;
Biasibetti, E.; et al. Evaluation of the suitability of a partially defatted black soldier fly (Hermetia illucens L.)
larvae meal as ingredient for rainbow trout (Oncorhynchus mykiss Walbaum) diets. J. Anim. Sci. Biotechnol.
2017, 8, 57. [CrossRef]

Huyben, D.; Vidakovi¢, A.; Hallgren, S.W.; Langeland, M. High-throughput sequencing of gut microbiota in
rainbow trout (Oncorhynchus mykiss) fed larval and pre-pupae stages of black soldier fly (Hermetia illucens).
Aquaculture 2019, 500, 485-491. [CrossRef]

Magalhaes, R.; Sanchez-Lopez, A.; Leal, R.S.; Martinez-Llorens, S.; Oliva-Teles, A.; Peres, H. Black
soldier fly (Hermetia illucens) pre-pupae meal as a fish meal replacement in diets for European seabass
(Dicentrarchus labrax). Aquaculture 2017, 476, 79-85. [CrossRef]

Xiao, X,; Jin, P; Zheng, L.; Cai, M.; Yu, Z,; Yu, J.; Zhang, J. Effects of black soldier fly (Hermetia illucens)
larvae meal protein as a fishmeal replacement on the growth and immune index of yellow catfish
(Pelteobagrus fulvidraco). Aquac. Res. 2018, 49, 1569-1577. [CrossRef]

Hu, Y,; Huang, Y.; Tang, T.; Zhong, L.; Chu, W.; Dai, Z.; Chen, K.; Hu, Y. Effect of partial black soldier fly
(Hermetia illucens L.) larvae meal replacement of fish meal in practical diets on the growth, digestive enzyme
and related gene expression for rice field eel (Monopterus albus). Aquac. Rep. 2020, 17, 100345. [CrossRef]
Kroeckel, S.; Harjes, A.-G.; Roth, I; Katz, H.; Wuertz, S.; Susenbeth, A.; Schulz, C. When a turbot catches a fly:
Evaluation of a pre-pupae meal of the Black Soldier Fly (Hermetia illucens) as fish meal substitute—Growth
performance and chitin degradation in juvenile turbot (Psetta maxima). Aquaculture 2012, 345-352. [CrossRef]
Caimi, C.; Renna, M.; Lussiana, C.; Bonaldo, A.; Gariglio, M.; Meneguz, M.; Dabbou, S.; Schiavone, A.; Gai, E;
Elia, A.C.; et al. First insights on Black Soldier Fly (Hermetia illucens L.) larvae meal dietary administration in
Siberian sturgeon (Acipenser baerii Brandt) juveniles. Aquaculture 2020, 515, 734539. [CrossRef]

Stejskal, V.; Koufil, ].; Musil, ].; Hamackova, J.; Policar, T. Growth pattern of all-female perch (Perca fluviatilis
L.) juveniles—Is monosex perch culture beneficial? J. Appl. Ichthyol. 2009, 25, 432-437. [CrossRef]

AOAC International. Official Methods of Analysis of AOAC International, 17th ed.; AOAC International:
Gaithersburg, MD, USA, 2000.

AOAC International.  Official Methods of Analysis of AOAC International, 17th ed.; 2nd revision;
AOAC International: Gaithersburg, MD, USA, 2003.

Finke, M.D. Estimate of chitin in raw whole insects. Zoo Biol. 2007, 26, 105-115. [CrossRef]

De Marco, M.; Martinez, S.; Hernandez, F.; Madrid, J.; Gai, F; Rotolo, L.; Belforti, M.; Bergero, D.; Katz, H.;
Dabbou, S.; et al. Nutritional value of two insect larval meals (Tenebrio molitor and Hermetia illucens) for broiler
chickens: Apparent nutrient digestibility, apparent ileal amino acid digestibility and apparent metabolizable
energy. Anim. Feed. Sci. Technol. 2015, 209, 211-218. [CrossRef]


http://dx.doi.org/10.1016/j.aquaculture.2016.10.024
http://dx.doi.org/10.1111/raq.12281
http://dx.doi.org/10.3390/ani9040170
http://dx.doi.org/10.1186/s40104-019-0325-x
http://dx.doi.org/10.1111/anu.12343
http://dx.doi.org/10.1016/j.aquaculture.2018.12.032
http://dx.doi.org/10.1016/j.aquaculture.2020.734978
http://dx.doi.org/10.1186/s40104-017-0191-3
http://dx.doi.org/10.1016/j.aquaculture.2018.10.034
http://dx.doi.org/10.1016/j.aquaculture.2017.04.021
http://dx.doi.org/10.1111/are.13611
http://dx.doi.org/10.1016/j.aqrep.2020.100345
http://dx.doi.org/10.1016/j.aquaculture.2012.08.041
http://dx.doi.org/10.1016/j.aquaculture.2019.734539
http://dx.doi.org/10.1111/j.1439-0426.2009.01253.x
http://dx.doi.org/10.1002/zoo.20123
http://dx.doi.org/10.1016/j.anifeedsci.2015.08.006

Animals 2020, 10, 1876 15 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Sampels, S.; Zajic, T.; Mraz, J. Effects of frying fat and preparation on carp (Cyprinus carpio) fillet lipid
composition and oxidation. Czech J. Food Sci. 2014, 32, 493-502. [CrossRef]

Hara, A.; Radin, N.S. Lipid extraction of tissues with a low-toxicity solvent. Anal. Biochem. 1978, 90, 420-426.
[CrossRef]

Appelqvist, L.A. Rapid methods of lipid extractions and fatty acid methyl ester preparation for seed and leaf
tissue with special remarks on preventing the accumulation of lipids contaminants. Arkiv Kemi. 1968, 28,
551-570.

Svobodova, Z.; Pravda, D.; Palackova, J. Unified Methods of Haematological Examination of Fish; Research Institute
of Fish Culture and Hydrobiology: Vodniany, Czech Republic, 1991; p. 31.

Crampton, V.; Nanton, D.; Ruohonen, K.; Skjervold, P.-O.; El Mowafi, A. Demonstration of salmon farming
as a net producer of fish protein and oil. Aquac. Nutr. 2010, 16, 437-446. [CrossRef]

Chatvijitkul, S.; Boyd, C.E.; Davis, D.A.; McNevin, A.A. Embodied Resources in Fish and Shrimp Feeds.
J. World Aquac. Soc. 2016, 48, 7-19. [CrossRef]

Roffeis, M.; Fitches, E.C.; Wakefield, M.; Almeida, J.; Valada, T.R.A.; Devic, E.; Koné, N.; Kenis, M.;
Nacambo, S.; Koko, G.K.D.; et al. Ex-ante life cycle impact assessment of insect based feed production in
West Africa. Agric. Syst. 2020, 178, 102710. [CrossRef]

Thévenot, A.; Rivera, J.L.; Wilfart, A.; Maillard, F; Hassouna, M.; Kiessé, T.S.; Le Feon, S.; Aubin, ]J.
Mealworm meal for animal feed: Environmental assessment and sensitivity analysis to guide future
prospects. J. Clean. Prod. 2018, 170, 1260-1267. [CrossRef]

Heusala, H.; Sinkko, T.; Sozer, N.; Hytonen, E.; Mogensen, L.; Knudsen, M. T. Carbon footprint and land use
of oat and faba bean protein concentrates using a life cycle assessment approach. J. Clean. Prod. 2020, 242,
118376. [CrossRef]

Feedipedia: An On-Line Encyclopaedia of Animal Feeds 2017. Available online: http://www.feedipedia.org/
(accessed on 17 February 2017).

Dabbou, S.; Gai, F; Biasato, I.; Capucchio, M.T.; Biasibetti, E.; Dezzutto, D.; Meneguz, M.; Placha, I.; Gasco, L.;
Schiavone, A. Black soldier fly defatted meal as a dietary protein source for broiler chickens: Effects on
growth performance, blood traits, gut morphology and histological features. J. Anim. Sci. Biotechnol. 2018, 9,
49. [CrossRef]

Biasato, I.; Gasco, L.; De Marco, M.; Renna, M.; Rotolo, L.; Dabbou, S.; Capucchio, M.; Biasibetti, E.;
Tarantola, M.; Sterpone, L.; et al. Yellow mealworm larvae (Tenebrio molitor) inclusion in diets for male broiler
chickens: Effects on growth performance, gut morphology, and histological findings. Poult. Sci. 2018, 97,
540-548. [CrossRef]

Spranghers, T.; Michiels, ].; Vrancx, J.; Ovyn, A.; Eeckhout, M.; De Clercq, P.; De Smet, S. Gut antimicrobial
effects and nutritional value of black soldier fly (Hermetia illucens L.) prepupae for weaned piglets. Anim. Feed.
Sci. Technol. 2018, 235, 33—42. [CrossRef]

Dumas, A.; Raggi, T.; Barkhouse, ].; Lewis, E.; Weltzien, E. The oil fraction and partially defatted meal of
black soldier fly larvae (Hermetia illucens) affect differently growth performance, feed efficiency, nutrient
deposition, blood glucose and lipid digestibility of rainbow trout (Oncorhynchus mykiss). Aquaculture 2018,
492, 24-34. [CrossRef]

Danieli, P.P,; Lussiana, C.; Gasco, L.; Amici, A.; Ronchi, B. The Effects of Diet Formulation on the Yield,
Proximate Composition, and Fatty Acid Profile of the Black Soldier Fly (Hermetia illucens L.) Prepupae
Intended for Animal Feed. Animal 2019, 9, 178. [CrossRef]

Gasco, L.; Biancarosa, I.; Liland, N.S. From waste to feed: A review of recent knowledge on insects as
producers of protein and fat for animal feeds. Curr. Opin. Green Sustain. Chem. 2020, 23, 67-79. [CrossRef]
BuBler, S.; Rumpold, B.A.; Jander, E.; Rawel, H.M.; Schliiter, O.K. Recovery and techno-functionality of
flours and proteins from two edible insect species: Meal worm (Tenebrio molitor) and black soldier fly
(Hermetia illucens) larvae. Heliyon 2016, 2, €00218. [CrossRef]

Henry, M.; Gasco, L.; Piccolo, G.; Fountoulaki, E. Review on the use of insects in the diet of farmed fish: Past
and future. Anim. Feed. Sci. Technol. 2015, 203, 1-22. [CrossRef]

Sealey, WM.; Gaylord, T.G.; Barrows, ET.; Tomberlin, ].K.; McGuire, M.A; Ross, C.; St-Hilaire, S. Sensory
Analysis of Rainbow Trout, Oncorhynchus mykiss, Fed Enriched Black Soldier Fly Prepupae, Hermetia illucens.
J. World Aquac. Soc. 2011, 42, 34-45. [CrossRef]


http://dx.doi.org/10.17221/405/2013-CJFS
http://dx.doi.org/10.1016/0003-2697(78)90046-5
http://dx.doi.org/10.1111/j.1365-2095.2010.00780.x
http://dx.doi.org/10.1111/jwas.12360
http://dx.doi.org/10.1016/j.agsy.2019.102710
http://dx.doi.org/10.1016/j.jclepro.2017.09.054
http://dx.doi.org/10.1016/j.jclepro.2019.118376
http://www.feedipedia.org/
http://dx.doi.org/10.1186/s40104-018-0266-9
http://dx.doi.org/10.3382/ps/pex308
http://dx.doi.org/10.1016/j.anifeedsci.2017.08.012
http://dx.doi.org/10.1016/j.aquaculture.2018.03.038
http://dx.doi.org/10.3390/ani9040178
http://dx.doi.org/10.1016/j.cogsc.2020.03.003
http://dx.doi.org/10.1016/j.heliyon.2016.e00218
http://dx.doi.org/10.1016/j.anifeedsci.2015.03.001
http://dx.doi.org/10.1111/j.1749-7345.2010.00441.x

Animals 2020, 10, 1876 16 of 17

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Shearer, K.D. Factors affecting the proximate composition of cultured fishes with emphasis on salmonids.
Aquaculture 1994, 119, 63-88. [CrossRef]

Gasco, L.; Henry, M.; Piccolo, G.; Marono, S.; Gai, F,; Renna, M.; Lussiana, C.; Antonopoulou, E.; Mola, P;
Chatzifotisf, S. Tenebrio molitor meal in diets for European sea bass (Dicentrarchus labrax L.) juveniles: Growth
performance, whole body composition and in vivo apparent digestibility. Anim. Feed. Sci. Technol. 2016, 220,
34-45. [CrossRef]

Belforti, M.; Gai, F.; Lussiana, C.; Renna, M.; Malfatto, V.; Rotolo, L.; De Marco, M.; Dabbou, S.; Schiavone, A.;
Zoccarato, I; et al. Tenebrio molitor meal in rainbow trout (Oncorhynchus mykiss) diets: Effects on animal
performance, nutrient digestibility and chemical composition of fillets. Ital. J. Anim. Sci. 2015, 14, 4170.
[CrossRef]

Newton, G.L.; Booram, C.V.; Barker, R.W.; Hale, O.M. Dried Hermetia Illucens Larvae Meal as a Supplement
for Swine. J. Anim. Sci. 1977, 44, 395-400. [CrossRef]

Liland, N.S.; Biancarosa, I.; Araujo, P; Biemans, D.; Bruckner, C.G.; Waagbg, R.; Torstensen, B.E.;
Lock, E.J. Modulation of nutrient composition of black soldier fly (Hermetia illucens) larvae by feeding
seaweed-enriched media. PLoS ONE 2017, 12, e0183188. [CrossRef]

Devic, E.; Leschen, W.; Murray, F; Little, D.C. Growth performance, feed utilization and body composition of
advanced nursing Nile tilapia (Oreochromis niloticus) fed diets containing Black Soldier Fly (Hermetia illucens)
larvae meal. Aquac. Nutr. 2018, 24, 416-423. [CrossRef]

Kirchgessner, M.; Schwarz, F. Mineral content (major and trace elements) of carp (Cyprinus carpio L.) fed with
different protein and energy supplies. Aquaculture 1986, 54, 3-9. [CrossRef]

Borgogno, M.; Dinnella, C.; Iaconisi, V.; Fusi, R.; Scarpaleggia, C.; Schiavone, A.; Monteleone, E.; Gasco, L.;
Parisi, G. Inclusion of Hermetia illucens larvae meal on rainbow trout (Oncorhynchus mykiss ) feed: Effect
on sensory profile according to static and dynamic evaluations. . Sci. Food Agric. 2017, 97, 3402-3411.
[CrossRef]

Belghit, I.; Waagbg, R.; Lock, E.J.; Liland, N.S. Insect-based diets high in lauric acid reduce liver lipids in
freshwater Atlantic salmon. Aquac. Nutr. 2018, 25, 343-357. [CrossRef]

Li, S.; Ji, H.; Zhang, B,; Tian, J.; Zhou, J.; Yu, H. Influence of black soldier fly (Hermetia illucens) larvae oil on
growth performance, body composition, tissue fatty acid composition and lipid deposition in juvenile Jian
carp (Cyprinus carpio var. Jian). Aquaculture 2016, 465, 43-52. [CrossRef]

Hrubec, T.C.; Dvm, ].L.C.; Smith, S.A. Hematology and Plasma Chemistry Reference Intervals for Cultured
Tilapia (Oreochromis Hybrid). Veter Clin. Pathol. 2000, 29, 7-12. [CrossRef]

Ranzani-Paiva, M.; Ishikawa, C.; Das Eiras, A.; Felizardo, N. Haemotological analysis of ‘chara’
Pseudoplatystoma fasciatum in captivity. Aqua 2000, 2-6.

Cazenave, J.; Wunderlin, D.A.; Hued, A.C.; Bistoni, M.D.L.A. Haematological parameters in a neotropical
fish, Corydoras paleatus (Jenyns, 1842) (Pisces, Callichthyidae), captured from pristine and polluted water.
Hydrobiologia 2005, 537, 25-33. [CrossRef]

Garcia-Abiado, M.A.; Mbahinzireki, G.; Rinchard, ]J.; Lee, K.J.; Dabrowski, K. Effect of diets containing
gossypol on blood parameters and spleen structure in tilapia, Oreochromis sp., reared in a recirculating system.
J. Fish Dis. 2004, 27, 359-368. [CrossRef]

Herman, R.L. Effects of gossypol on rainbow trout Salmo guirdneri Richardson. J. Fish Biol. 1970, 2, 293-303.
[CrossRef]

Barros, M.M.; Lim, C.; Klesius, PH. Effect of soybean meal replacement by cottonseed meal and iron
supplementation on growth, immune response and resistance of Channel Catfish (Ictalurus puctatus) to
Edwardsiella ictaluri challenge. Aquaculture 2002, 207, 263-279. [CrossRef]

Silva-Carrillo, Y.; Hernandez, C.; Hardy, R.W.; Gonzélez-Rodriguez, B.; Castillo-Vargasmachuca, S. The effect
of substituting fish meal with soybean meal on growth, feed efficiency, body composition and blood chemistry
in juvenile spotted rose snapper Lutjanus guttatus (Steindachner, 1869). Aquaculture 2012, 364, 180-185.
[CrossRef]

Ogunyji, ].O.; Kloas, W.; Wirth, M.; Neumann, N.; Pietsch, C. Effect of housefly maggot meal (magmeal)
diets on the performance, concentration of plasma glucose, cortisol and blood characteristics of Oreochromis
niloticus fingerlings. |. Anim. Physiol. Anim. Nutr. 2008, 92, 511-518. [CrossRef]


http://dx.doi.org/10.1016/0044-8486(94)90444-8
http://dx.doi.org/10.1016/j.anifeedsci.2016.07.003
http://dx.doi.org/10.4081/ijas.2015.4170
http://dx.doi.org/10.2527/jas1977.443395x
http://dx.doi.org/10.1371/journal.pone.0183188
http://dx.doi.org/10.1111/anu.12573
http://dx.doi.org/10.1016/0044-8486(86)90248-6
http://dx.doi.org/10.1002/jsfa.8191
http://dx.doi.org/10.1111/anu.12860
http://dx.doi.org/10.1016/j.aquaculture.2016.08.020
http://dx.doi.org/10.1111/j.1939-165X.2000.tb00389.x
http://dx.doi.org/10.1007/s10750-004-1638-z
http://dx.doi.org/10.1111/j.1365-2761.2004.00551.x
http://dx.doi.org/10.1111/j.1095-8649.1970.tb03288.x
http://dx.doi.org/10.1016/S0044-8486(01)00740-2
http://dx.doi.org/10.1016/j.aquaculture.2012.08.007
http://dx.doi.org/10.1111/j.1439-0396.2007.00745.x

Animals 2020, 10, 1876 17 of 17

64. Taufek, N.M.; Aspani, F; Muin, H.; Raji, A.A_; Razak, S.A.; Alias, Z. The effect of dietary cricket meal
(Gryllus bimaculatus) on growth performance, antioxidant enzyme activities, and haematological response of
African catfish (Clarias gariepinus). Fish Physiol. Biochem. 2016, 42, 1143-1155. [CrossRef]

65. Tacon, A.G.; Marc, M. Global overview on the use of fishmeal and fish oil in industrially compounded
aquafeeds: Trends and future prospects. Aquaculture 2008, 285, 146-158. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1007/s10695-016-0204-8
http://dx.doi.org/10.1016/j.aquaculture.2008.08.015
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Diets 
	Fish and Feeding Trial 
	Growth Performance 
	Condition Factor, Somatic Indexes and Occurrence of Spleen Lipidosis 
	Chemical Analyses 
	Haematological Analyses 
	Economic Analysis and Environmental Sustainability of Feeds 
	Statistical Analyses 

	Results 
	Diet Composition 
	Growth Trial 
	Condition Factor, Somatic Indices and Occurrence of Spleen Lipidosis 
	Proximate and Fatty Acid Composition of Whole Fish Homogenate 
	Haematological Analyses 
	Economic Analysis and Environmental Sustainability of Feeds 

	Discussion 
	References

