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Simple Summary: The sustainability of fish production is mainly driven by the protein source used
in aquafeeds. In conventional fish feed, protein sources are mostly vegetable ingredients and fishmeal.
The present study explored the potential use of full-fat Hermetia illucens prepupae meal (H) replacing
0% (H0), 25% (H25), and 50% (H50) conventional ingredients in practical diets for rainbow trout.
No significant differences in growth were observed in all experimental groups, while in fish fed the
H50 diet both hepatic and intestinal alterations were detected. In addition, in the same fish group,
genes related to stress and immune-response were significantly up-regulated. The results obtained so
far highlighted an overall physiological adaptation of fish to the dietary manipulation, suggesting an
adverse effect of full-fat H at the highest inclusion level.

Abstract: This study investigated the effects of dietary inclusion levels of full-fat Hermetia illucens
prepupae meal (H) on growth and gastrointestinal integrity in rainbow trout (Oncorhynchus mykiss).
A 98-day study was conducted using triplicate groups of trout (initial body weight, 137 ± 10.5 g)
kept in 1-m3 tanks in a flow-through well water system. Three dietary treatments were prepared:
one based on fishmeal and purified protein-rich vegetable ingredients (H0), and two experimental
diets including graded levels of H meal (25% and 50%, referred to as H25 and H50, respectively).
At the end of the feeding trial, no differences were observed in growth performance and plasma
metabolite levels, with the biometric data confirmed by the liver expression of the genes involved in
somatic growth regulation (igf1 and mstn1a). In the H50 group, a three-fold up regulation of liver
hsp70 was observed. An activation of the stress/immune response (il-10, tnf-α, and tlr-5) was observed
in medium intestine in the H25 and H50 groups (p < 0.05) together with a villi length reduction
detected through histological analyses. Liver histology and Fourier Transform Infrared Imaging
(FTIRI) spectroscopy highlighted an increase in lipid deposition. These findings suggest that caution
should be taken into account when 50% replacement of conventional ingredients with H is selected.

Keywords: black soldier fly; feed formulation; alternative proteins; growth metrics; FTIRI
spectroscopy; gastrointestinal health; plasma metabolite
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1. Introduction

One of the most critical issues that threatens the sustainability and further growth of intensive
aquaculture of carnivorous species is its dependency on fishmeal (FM) and fish oil (FO) in aquafeed [1].
Thus, alternative ingredients are needed to promote a sustainable aquaculture production while
improving fish growth and health performance [2]. Over the last two decades, research efforts have
focused on the reduction of the dietary inclusion levels of FM and FO by replacement with plant
protein sources and vegetable oils, which are readily available on the feed market and cost-effective [1].
However, even if plant protein-based diets provided good results in some aquatic species, they
presented some disadvantages for fish welfare and are often in direct competition with human
nutrition [3–5], increasing pressure for the search of alternative and nutritional strategies to improve
their utilization [3]. Some alternatives include animal feedstuffs, comprising both non-ruminant
slaughterhouse by-products (derived from processed animal proteins, PAPs) and insect meals [6,7].
Insect meals show several advantages compared to conventional PAPs (poultry meal, hydrolysed
poultry feathers, blood meal), as insects grow and reproduce quickly and easily on low-quality organic
products [7]. Insect meals have a low ecological footprint [8], high feed conversion efficiency [9], and,
together with PAPs, can reasonably foster a circular bio-economy.

In July 2017, the European Commission allowed the use of seven insect species as processed
animal protein for aquaculture (Regulation 2017/893/EC, 2017). Although insect nutrient composition
is dependent on taxonomic group, rearing substrate, and technological process, it usually shows high
protein content (60–80% dry matter basis) with a well-balanced essential amino acid profile [10] and
valuable lipid, mineral, and vitamin content [11,12]. These nutritional properties allows insects to be
considered as a valuable alternative protein source, especially for carnivorous fish species, and several
reviews on this topic are now available [11–13].

Among the different insect species considered for possible use in fish feeds [12,13], the dipteran
Hermetia illucens, also known as black soldier fly (BSF), seems to be the most promising in that high
quality standard industrial mass-rearing techniques already exist. The protein and lipid content of H.
illucens meal (H) is variable depending on the processing technology and growth substrate. Generally,
on dry matter basis, the defatted H. illucens meal protein and lipid contents range from 47.2 to 51.8%
and from 11.8 to 14.8%, respectively [14,15]; whereas the protein and lipid contents reported for full-fat
H. illucens meal are 36.2 and 18.0% [11], respectively. A major drawback in using H. illucens meal
as an ingredient in aquafeeds is its lack of long-chain polyunsaturated fatty acids (LC-PUFAs) such
as both the eicosapentaenoic (EPA, 20:5n-3) and docosahexaenoic (DHA, 22:6n-3) acids. The insect
meal is rich in linoleic acid (LA, 18:2n-6), as well as saturated (SFAs) and monounsaturated (MUFA)
fatty acids. The poor LC-PUFA content may be reflected in a low EPA and DHA content in the edible
portion of fish (fillet), thus affecting the nutritional value for consumers. However, the great plasticity
of H. illucens lipid composition, recently demonstrated by rearing the larvae on n-3 enriched substrates
such as fish offal [16] or seaweeds [17], contributes to continuing interest in this species.

Despite the nutritional value of H. illucens meal (H), its successful inclusion level in aquafeeds
depends on the fish species and the characteristics of insect derivatives [13]. Newton et al. [18] reported
similar weight gain for channel catfish (Ictalurus punctatus) fingerlings fed diets containing up to 30%
full-fat H. illucens prepupae meal. St-Hilaire et al. [19] did not find any negative effects on rainbow
trout (Oncorhynchus mykiss) growth performance when a 15% full-fat H. illucens prepupae meal was
included in the diet. The growth performance of trout fed diets containing 25% and 50% (dry matter
basis) of H. illucens meal from prepupae reared on fish by-product enriched substrates showed results
similar to those of fish fed the control FM-based diet [20]. Replacing up to 50% of FM with partially
defatted-BSF larvae resulted in growth performance, body indices, and gut morphology similar to
those of rainbow trout [21].

An additional controversial problem related to the inclusion of insect meal in aquafeeds is the
presence of chitin [12]. Chitin was thought to play a role in shaping the gut microbial community [22]
and to have positive effects on the innate immune response at moderate inclusion level in the diet



Animals 2019, 9, 251 3 of 21

(25–50 mg kg−1 chitin) [23]. However, when higher inclusion levels are used, the same macromolecule
can adversely affect nutrient digestibility and uptake in fish [14,21,24] and negatively affects the
intestinal mucosa integrity in amphibians [25].

Adequate nutrition is essential to guarantee fish health and digestive capacity; the morphological
changes associated with the digestive system (liver and intestinal tract) are usually taken into
account when alternative ingredients are considered in aquafeeds. In this regard, investigations
of digestive system function of salmonids have been performed using histological [21,26–28],
transcriptomic [29], proteomic [30], and molecular [31] approaches. Fourier Transform Infrared Imaging
(FTIRI) spectroscopy, a fast, new and label-free inexpensive technique, is becoming more widely used.
FTIRI allows researchers to obtain important biochemical information on the composition of biological
samples through the macromolecule structures identification (lipids, proteins, carbohydrates, and
nucleic acids) using the same sample at the same time. This method has recently been applied to
the macromolecular characterization of trout and zebrafish (Danio rerio) intestine [32,33], gilthead
seabream (Sparus aurata) liver [34], and clownfish (Amphiprion ocellaris) liver and intestine [35]. In the
aforementioned studies, FTIRI highlighted that zebrafish fed insect meal-based diets resulted in a change
of the intestinal mucosa macromolecular composition, showing an increase in the relative quantity
of protein and fatty acid with longer alkyl chains [33]. On the other hand, the liver macromolecular
composition of clownfish fed increasing levels of defatted H. illucens larvae meal [35] resulted in a lipid
and protein decrease and an increase in glycogen. To the best of our knowledge, no similar information
is available yet on trout fed diets including full-fat insect meal.

Coupled with the evaluation of gastrointestinal morphology and/or macromolecular composition,
the relationship between dietary changes and metabolic profile, cytokine production [25], potential
induction of inflammation [36,37] and stress biomarkers, may represent an useful tool for the overall
fish welfare status evaluation.

The freshwater species of most interest to Italian aquaculture is rainbow trout (Oncorhynchus
mykiss), with a volume of around 35,000 tons, which corresponds to 24.5% of the total national
production [38]. In the present study, the effect of graded inclusion level of full-fat Hermetia illucens
meal in a practical diet for this species was evaluated by assessing some growth indexes, plasma
metabolites, and gastrointestinal health and stress biomarkers, using a multidisciplinary approach.
The dietary inclusion levels of full-fat H meal were based on previous studies of insect meal [19,20] or
other alternative vegetable protein sources [39–42] substitution. The hypothesis considered whether or
not the full-fat H meal was a suitable alternative protein ingredient in a practical diet for rainbow trout
without impairing fish welfare.

2. Materials and Methods

2.1. Experimental Diets

A full-fat H. illucens prepupae meal (H) was purchased from the Smart Bugs s.s. (Ponzano Veneto,
Italy) company and stored at −20 ◦C in zip-lock bags until use. No information was provided by
the producer on the composition of different vegetable substrate used for larval rearing, as it was
considered confidential. Frozen prepupae were grinded with Retsch Centrifugal Grinding Mill ZM
1000 (Retsch GmbH, Haan, Germany) and immediately used to prepare experimental diets. A basal
diet (H0) containing fish meal, pea protein concentrate, and wheat gluten meal was formulated to
obtain 40 g 100 g−1 crude protein (CP), 18.5 g 100 g−1 ether extract (EE), and 22 MJ kg−1 gross energy
(GE) in order to meet the nutrient requirements of rainbow trout [43]. The other isonitrogenous,
isolipidic, and isoenergetic experimental diets were prepared by including graded levels of insect meal
(25% and 50%, referred to as H25 and H50, respectively) in the H0 formulation. The experimental feeds
were prepared at the Department of Agricultural, Food, Environmental and Animal Science (Di4A) of
the University of Udine (Udine, Italy). All the ground ingredients (0.5 mm) and fish and vegetable
oils were thoroughly blended (Kenwood kMix KMX53 stand Mixer; Kenwood, De’Longhi S.p.a.,
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Treviso, Italy) for 20 min and water was then added to the mixture to attain appropriate consistency
for pelleting. Pellets were obtained by using a 4.5-mm die meat grinder and dried at 40 ◦C for 48–72 h.
The obtained diets were subsequently stored in under vacuum bags and kept at −20 ◦C until used.
Diet formulation and proximate composition are shown in Table 1.

Table 1. Ingredients (g kg−1), proximate composition (g 100 g−1) and summary of the major fatty acid
classes (as percentage of total FAMEs) of prepupae meal (H) and the experimental diets. H0, basal diet
containing conventional ingredients; H25 and H50, experimental diets containing graded inclusion
levels of H meal.

Diet Formulation and Composition H H0 H25 H50

Ingredients
Chile prime fish meal 1 420 315 210

Pea protein concentrate 2 55 78 100
H meal 3 - 105 210

Wheat gluten meal 4 55 78 100
Wheat flour 5 290 268 255

Fish oil 70 40 28
Palm oil 70 75 56

Mineral supplement $ 10 10 10
Vitamin supplement # 10 10 10

Binder 20 20 20
L-Methionine - 1 1

Proximate composition *
Moisture 20.93 ± 0.02 4.24 ± 0.03 5.49 ± 0.03 5.31 ± 0.18

Crude protein, CP 30.84 ± 0.38 40.27 ± 0.45 39.98 ± 0.37 40.16 ± 0.39
Ether extract, EE 33.10 ± 0.24 18.63 ± 0.27 18.56 ± 0.14 17.68 ± 0.20

Ash 10.30 ± 0.18 14.30 ± 0.28 14.20 ± 0.23 14.13 ± 0.31
Gross energy (MJ kg−1) n.d. 6 22.10 ± 0.11 22.30 ± 0.03 21.28 ± 0.06

Fatty acid composition *
SFA 65.30 ± 2.05 33.76 ± 0.14 42.13 ± 4.51 48.24 ± 1.67

MUFA 28.37 ± 0.89 32.87 ± 1.23 34.46 ± 0.61 33.04 ± 1.45
PUFA 6.34 ± 0.41 33.00 ± 1.41 23.00 ± 1.14 18.50 ± 2.12

PUFA n-3 0.66 ± 0.04 22.01 ± 0.45 13.71 ± 0.22 10.11 ± 0.33
PUFA n-6 5.68 ± 0.21 11.33 ± 2.20 9.68 ± 1.56 8.62 ± 1.50

n-9 18.07 ± 1.14 26.50 ± 0.71 28.00 ± 1.41 25.50 ± 2.12
EPA 0.20 ± 0.02 6.85 ± 0.24 4.24 ± 0.49 3.12 ± 0.74
DHA - 13.42 ± 0.89 8.24 ± 0.36 5.97 ± 0.72

n-3/n-6 0.12 ± 0.10 1.99 ± 0.43 1.44 ± 0.25 1.19 ± 0.17
1 Bioceval GmbH & Co. KG Cuxhaven, Germany; 2 Lombarda trading srl, Casalbuttano & Uniti (CR, Italy);
3 SmartBugs srl (Treviso, Italy); 4 Sacchetto spa (Torino, Italy); 5 Consorzio Agrario (Pordenone, Italy); $ Mineral
supplement composition (% mix): CaHPO4*2H2O, 78.9; MgO, 2.725; KCl, 0.005; NaCl, 17.65; FeCO3, 0.335;
ZnSO4.H2O, 0.197; MnSO4.H2O, 0.094; CuSO4.5H2O, 0.027; Na2SeO3, 0.067; # Vitamin supplement composition
(% mix): thiamine hydrochloride (vitamin B1), 0.16; riboflavin (vitamin B2), 0.39; pyridoxine hydrocloride (vitamin
B6), 0.21; cyanocobalamine (vitamin B12), 0.21; niacin (vitamin PP or B3), 2.12; calcium pantotenate, 0.63; folic acid,
0.10; biotin (vitamin H), 1.05; myo-inositol (vitamin B7), 3.15; stay C Roche (vitamin C), 4.51; tocopherol (vitamin E),
3.15; menadione (vitamin K3), 0.24; retinol (vitamin A 2500 UI kg−1 diet), 0.026; cholecalciferol (vitamin D3 2400 UI
kg−1 diet), 0.05; choline chloride, 83.99; * Values reported as mean of triplicate analyses; 6 n.d.: not determined. SFA
= C10:0 + C12:0 + C13:0 + C14:0 + C15:0 + C16:0 + C17:0 + C18:0 + C20:0 + C21:0 + C22:0 + C24:0. MUFA= C16:1n-9
+ C16:1n-7 + C18:1n-9 + C18:1n-7 + C20:1n-9 + C22:1n-9 + C24:1n-9. PUFA= C18:2n-6 + C18:3n-3 + C18:3n-6 +
C20:2n-6 + C20:3n-3 + C20:3n-6 + C20:4n-6 + C20:5n-3 + C22:6n-3. PUFA n-3 = C18:3n-3 + C20:3n-3 + C20:5n-3 +
C22:6n-3. PUFA n-6 = C18:2n-6 + C18:3n-6 + C20:2n-6 + C20:3n-6 + C20:4n-6. SFA: saturated fatty acid; MUFA:
monounsaturated fatty acid; EPA: eicosapentaenoic acid; DHA: docosahexaenoic acid; PUFA: polyunsaturated fatty
acid; FAME: fatty acid methyl ester.

2.2. Chemical Composition of Feeds

The proximate composition and energy level of the H prepupae meal and of the experimental
diets are shown in Table 1. Feed samples were analysed for moisture (AOAC #950.46), crude protein,
CP (AOAC #976.05), ash (AOAC #920.153), and ether extract, (EE; AOAC #991.36) contents according
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to AOAC International [44]. The gross energy content (GE) was determined using an adiabatic
calorimetric bomb (IKA C7000, Werke GmbH & Co., Staufen, Germany).

The total lipid fraction of the H prepupae meal and of the three test diets was extracted using
chloroform-methanol (2:1 v:v) (Merck KGaA, Darmstadt, Germany) mixture [45]. The fatty acid
methyl esters (FAMEs) were obtained following the protocol described in Morrison and Smith [46] and
quantified by gas chromatography (Varian 430-GC, FID) according to Tulli et al. [47] using tricosanoic
acid (C23:0; Supelco, Bellefonte, PA, USA) as an internal standard.

The grading inclusion level of H meal resulted in an increase of total saturated fatty acids (SFA)
and a decrease in total polyunsaturated fatty acid (PUFA) percentage in the experimental diets as
shown in Table 1.

2.3. Fish Rearing Conditions

The fish feeding trial was conducted at the Experimental Facility of the Di4A (Pagnacco, Udine,
Italy; code 068UD047). The experimental protocol was designed according to the guidelines of the
current European and Italian laws on the care and use of experimental animals (Directive 2010/63/EU,
recognized in Italian legislation (D.L. 116/92)) and approved by the University of Udine Ethical
Committee (Prot. N. 1/2018). All the handling procedures and sampling methods used in this trial
followed the guidelines of the European Union directive 2010/63/EU on the protection of animals used
for scientific purposes.

Two-hundred-and-seventy juvenile rainbow trout (Oncorhynchus mykiss) with an initial body
weight of 137.3± 10.5 g were randomly allocated to nine 1-m3 square fiberglass tanks (30 specimens/tank).
Tanks were connected to an open flow-through artesian well water system ensuring an approximate
constant temperature of 13 ◦C, known to be near the thermal optimum for rainbow trout rearing. After
stocking, fish were fed a commercial diet and were given two weeks to adapt to the experimental
conditions. At the end of this period, the nine tanks were assigned to the three experimental diets
(H0, H25, and H50) according to a random design with triplicate groups (tanks) per treatment. Fish were
hand-fed the experimental diets over 98 days, in one daily meal (09:00 h) at 1.3% ratio of the total
biomass, according to Stadtlander et al. [48]. Every three weeks, fish were group/tank weighed to adjust
feeding rations. During the feeding trial, water quality parameters were monitored and recorded:
temperature 12.8 ± 0.6 ◦C, dissolved oxygen 8.9 ± 0.43 mg L−1, pH 7.8 ± 0.2, total ammonia nitrogen
0.13 ± 0.02 mg L−1, nitrite-nitrogen < 0.015 mg L−1, phosphorus 1.08 ± 0.57 mg L−1.

2.4. Tissue Sampling and Calculations

At the end of the feeding trial, after a 10-h fasting period, all fish were subjected to stage
3 anaesthesia with MSS-222 (300 mg L−1). Biometry measurements (standard length, cm and body
weight, g) and growth performance indexes such as Fulton’s condition factor (K), specific growth
rate (SGR), weight gain (WG), and feed conversion ratio (FCR) were calculated per each fish/tank as
follows:

K = (fish weight (g)/fish standard length3) × 100

SGR % = 100 × ((ln final body weight − ln initial body weight)/number of feeding days))

WG % = 100 × ((final body weight − initial body weight)/initial body weight))

FCR = total feed consumed (g) per tank biomass/weight gained (g) per tank biomass

Three fish per tank (9 fish per dietary treatment) were sacrificed by an overdose of the same
anaesthetic and blood samples (approximatively 2 mL) were immediately withdrawn from caudal
veins by heparinised syringes, stored on ice and centrifuged at 1500× g for 15 min at 4 ◦C. The obtained
plasma was stored at−80 ◦C for subsequent metabolic parameter determinations. After blood sampling,
liver (Li.) and digestive tract were immediately excised and washed with a 0.9% saline solution to
remove the content. The digestive tract was quickly divided into medium intestine (M.I., corresponding
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to the tract immediately behind the anterior segment to the ileorectal valve) and hind intestine (H.I.,
from the ileorectal valve to the terminal part, excluding the rectum). Collected tissue (Li., M.I. and H.I.)
were immediately put in individual plastic tubes, frozen in liquid N and stored at −80 ◦C for growth,
stress, and inflammatory gene expression analyses. In addition, subsamples of the same tissues were
also quickly fixed in Bouin solution (Merk Sigma Aldrich, Milan, Italy) for histological analysis or
frozen on dry ice (only Li.) for subsequent FTIRI analysis.

2.5. Plasma Metabolic Parameters

The plasma cholesterol (Chol, mg dL−1), triglycerides (Trig, mg dL−1), glucose (Glu, mg dL−1),
total proteins (TP, g dL−1), and albumin (Alb, g dL−1) contents were determined using an automated
analyser system for blood biochemistry (Roche Cobas Mira, Biosys, Milan, Italy) and commercially
available kits (Biochemical Enterprise, Milan, Italy), following the manufacturer’s protocols.

2.6. RNA Extraction and cDNA Synthesis

Total RNA was extracted from liver (L) and intestine samples (M.I. and H.I., approximately 90 mg)
using RNAzol®RT reagent (Sigma-Aldrich®, R4533, Milan, Italy) and following the manufacturer’s
instructions. RNA concentration and integrity were analysed using NanoPhotometer® P-Class (Implen,
Munich, Germany) and GelRed™ staining of 28S and 18S ribosomal RNA bands on 1% agarose gel,
respectively. After extraction, complementary DNA (cDNA) was synthesised from 3 µg of total
RNA with the High Capacity cDNA Reverse Transcription Kit (Bio-Rad, Milan, Italy), following
the manufacturer’s instructions, diluted 1:10 in RNase-DNase free water and stored at −20 ◦C until
quantitative real-time PCR (qPCR). An aliquot of cDNA was used to check primer pair specificity.

2.7. Real Time PCR

PCRs were performed in an iQ5 iCycler thermal cycler (Bio-Rad, CA, USA) and each sample
was analysed via RT-qPCR in triplicate. Reactions were set on a 96-well plate by mixing, for each
sample, 1 µL cDNA diluted 1:20, 5 µL of 2×concentrated iQ™ Sybr Green (Bio-Rad, CA, USA) as
the fluorescent intercalating agent, 0.3 µM forward primer, and 0.3 µM reverse primer. The thermal
profile for all reactions was 3 min at 95 ◦C, followed by 45 cycles of 20 s at 95 ◦C, 20 s at 60 ◦C,
and 20 s at 72 ◦C. Fluorescent signal were detected at the end of each cycle and the melting curve
analysis was performed to confirm that only one PCR product was present in these reactions. Relative
quantification of the expression of genes involved in fish growth (insulin-like growth factor, igf1, and
myostatin, mstn1a) and stress response (glucocorticoid receptor, gr, and 70-heat-shock protein, hsp70)
in liver and inflammatory/immune response (interleukin 10, il-10, tumour necrosis factor, tnf-α, and
toll-like receptor 5, tlr-5) in intestine was performed using β-actin and 60S ribosomal RNA (60S) as
housekeeping genes to standardize the results. The primers sequences were retrieved from NCBI
(http://www.ncbi.nlm.nih.gov/) and are summarised in Table 2. Amplification products were sequenced,
and homology was verified. Negative controls revealed no amplification product and no primer-dimer
formation was found in control templates. Data were analysed using the iQ5 optical system software
version 2.0, including Genex Macro iQ5 Conversion and Genex Macro iQ5 files (all from Bio-Rad).
Modification of gene expression was reported with respect to controls. Primers were used at a final
concentration of 10 pmol µL−1.

http://www.ncbi.nlm.nih.gov/
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Table 2. Oligonucleotide primers and Annealing Temperature (A.T.) of each gene investigated in
this study.

Target
Tissue

Gene
Name Primer Sequence A.T.

(◦C)

Gene Bank
Accession
Number

Li
ve

r

Forward Reverse
igf1 TGGACACGCTGCAGTATGTGTGT CACTCGTCCACAATACCACGGT 60 GQ924783

mstn1a CCGCCTTCACATATGCCAA CAGAACCTGCGTCAGATGCA 60 AY839106
gr GCCTTTTGGCATGTACTCAAACC GGACGACTCTCCATACCTGTTC 60 AY549305

hsp70 CCCTGGGCATCGAAACC CCCTCGTAGACCTGGATCATG 60 AY423555

In
te

st
in

e

il-10 CGACTTTAAATCTCCCATCGA GCATTGGACGATCTCTTTCTT 59 DQ821115
tnf-α AGCATGGAAGACCGTCAACGAT AGCATGGAAGACCGTCAACGAT 60 DQ070246
tlr-5 GGCATCAGCCTGTTGAATTT ATGAAGAGCGAGAGCCTCAG 57 NP001118216

β-actin AGACCACCTTCAACTCCATCAT AGAGGTGATCTCCTTCTGCATC 60 AJ537421
60S TTCCTGTCACGACATACAAAGG GTAAGCAGAAATTGCACCATCA 60 DT044641.1

2.8. Histology

Liver (Li.) and intestine (M.I., H.I.) samples were fixed by immersion in Bouin solution and stored
at 4 ◦C for 24 h. Subsequently, samples were washed three times with 70% ethanol for 10 min and
preserved in a new 70% ethanol solution. After dehydration by graded ethanol series, samples were
washed with the clearing agent “Histo-Clear” (Bio-Clear, Bio-Optica, Milan, Italy) and embedded
in paraffin (Bio-Optica, Milan, Italy). Paraffin blocks were cut with a microtome (Leica RM2125
RTS, GmbH, Wetzlar, Germany) and 5-µm sections were stained with Mayer haematoxylin and
eosin Y (Sigma-Aldrich, Milan, Italy) and PAS (periodic acid of Schiff), following the manufacturer’s
instructions (Bio-Optica, Milan, Italy). Stained sections were examined under a Zeiss Axio Imager.A2
(Zeiss, Oberkochen, Germany) microscope and the images were acquired by means of a combined
colour digital camera Axiocam 503 (Zeiss, Oberkochen, Germany). For the quantitative image analysis
of intestinal folds morphometric evaluations, ten transversal sections of M.I. at 200 µm intervals,
for each fish sample were analysed. This interval was chosen in order to avoid repetitions in the
measurements of intestinal folds. All the undamaged and non-oblique folds (at least 150 measurements
per fish) were measured using ZEN 2.3 software (Carl Zeiss Microscopy GmbH), and the measurements
were reported as means ± standard deviation (SD).

2.9. Fourier Transform Infrared Imaging Spectroscopy (FTIRI) Measurements and Data Analysis

FTIRI spectroscopy has been recently optimized in order to study different topics in fish species [32,
49] and the protocol described by Giorgini et al. [50] was adopted to analyse liver samples of the H0,
H25, and H50 trout groups. A cryotome was used to cut, from each liver sample, three thin sections
(≈10 µm thickness) at 200 µm away from each other. No fixative was used. Sections were immediately
deposited onto CaF2 optical windows (1-mm thickness, 13-mm diameter) and air-dried for 30 min. All
sections were analysed at the IR beamline SISSI, ELETTRA—Synchrotron (Trieste, Italy), within 48 h
after cutting. A Bruker VERTEX 70S interferometer coupled with a Hyperion 3000 Vis-IR microscope
and equipped with a liquid nitrogen-cooled two-dimensional FPA detector (detector area size 164 ×
164 µm2, 64 × 64 pixels, pixel resolution 2.56 µm; Bruker Optics GmbH, Ettlingen Germany) was used.
A 15× condenser/objective was employed to obtain the visible image on each section to identify the
areas of interest. IR maps (164 × 164 µm2) were acquired in transmission mode in the spectral range
4000–700 cm−1 (4096 spectra; 256 scans; spectral resolution 4 cm−1). Background spectra were acquired
on clean portions of CaF2 windows. Raw IR maps were submitted to the following pre-processing
treatments: (1) Atmospheric Compensation routine (OPUS 7.1 software package, Bruker Optics GmbH,
Ettlingen Germany) to correct the atmospheric contributions of carbon dioxide and water vapour,
and (2) vector normalization in the 3800–950 cm−1 spectral range to avoid artefacts induced by local
thickness variations (OPUS 7.1 software package). Pre-processed IR maps were then integrated under
the following spectral ranges, to rebuild the topographical distribution of lipids, proteins and glycogen:
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3000–2825 cm−1 (overall lipids, Lipids); 1720–1480 cm−1 (overall proteins, Proteins); 1180–1000 cm−1

(overall glycogen, Glycogen). An arbitrary colour scale was used with warm (red) to white colour
indicating the highest absorbance value, while blue colour represented the lowest.

On all the spectra of each IR map, several bands with biological relevance were selected and the
corresponding integrated areas calculated by using the Integration routine (OPUS 7.1): 3000–2825 cm−1

(asymmetric and symmetric stretching modes of CH2 and CH3 groups mainly in lipid alkyl chains,
LIP); 2943–2895 cm−1 (asymmetric stretching mode of CH2 groups in lipid alkyl chains, CH2);
1711–1483 cm−1 (Amide I and II bands of proteins, PRT); 1181–1142 cm−1 (stretching of C-O-H groups
in carbohydrates, COH); 1073–1000 cm−1 (stretching of C-O and C-C moieties and bending of C-O-H
groups in carbohydrates, mainly attributed to glycogen, GLY). The integrated areas of the spectral
regions at 3000–2825 cm−1 and 1767–950 cm−1 were added and taken as representative of the overall
tissue biomass (TBM). The following band area ratios were then calculated: LIP/TBM (total amount
of lipids); CH2/TBM (total amount of saturated alkyl chains); CH2/LIP (saturated alkyl chains with
respect to total lipids); PRT/TBM (total amount of proteins); GLY/TBM (total amount of glycogen), and
COH/TBM (total amount of carbohydrates).

The average IR absorbance spectra of H0, H25 and H50 liver trout groups were also calculated
in the spectral range from 4000 to 900 cm−1 and converted to second derivative mode, to obtain the
position of the most meaningful absorption bands.

2.10. Statistical Analyses

Data are presented as mean value ± SD. Data were tested for normality and homogeneity of
variances by using Shapiro–Wilk’s and Levene’s tests, respectively. One-way ANOVA was adopted
for growth parameters where the tank (fish group) was the experimental unit. In case of plasma
metabolites, where the individual fish was the experimental unit, data analysis was carried out using
a mixed ANOVA model, including the tank as a random variable. When appropriate, the Tukey’s
post hoc test (significant level p < 0.05) to detect significant differences among the dietary treatments
was used. All analyses were performed by using the SPSS package (SPSS Inc., Chicago, IL, USA).
For the gene expression and FTIRI results, the statistical software package Prism5 (GraphPad software,
company, city, state abbrev if USA, country)) was used and one-way analysis of variance was performed
followed by Student’s test for the comparison of M.I. and H.I. results.

3. Results

3.1. Fish Growth

Fish growth performance parameters are reported in Table 3. The survival rate of fish was 100%
over 98 days of feeding trial for all the experimental groups. The fish readily accepted the experimental
diets and all feeds were consumed without rejection or loss. Fish fed both diets containing insects
(H25 and H50) resulted in a final body weight (FBW), K, WG, SGR and FCR that were not significantly
different (p > 0.05) from those attained by fish fed the H0 diet.

Table 3. Growth response of rainbow trout fed the experimental diets.

Growth Metrics H0 H25 H50

FBW (g) 1 301.21 ± 32.21 279.59 ± 37.26 251.27 ± 22.14
K 2 1.13 ± 0.11 1.13 ± 0.01 1.12 ± 0.07

WG (%) 3 119.81 ± 16.83 102.91 ± 24.24 83.18 ± 14.32
SGR (%) 4 0.80 ± 0.08 0.71 ± 0.12 0.61 ± 0.08

FCR 5 1.02 ± 0.17 1.22 ± 0.35 1.47 ± 0.28

Data are reported as mean of triplicate tanks and presented as mean ± SD. 1 Final body weight, 2 Fulton’s condition
factor, 3 Weight gain, 4 Specific growth rate, 5 Feed conversion ratio.
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3.2. Plasma Metabolic Parameters

The plasma metabolic parameters obtained from samples collected at the end of feeding trial are
reported in Table 4. Plasma cholesterol (Chol), triglycerides (Trig), glucose (Glu), total proteins (TP),
and albumin (Alb) levels did not show significant differences among the dietary groups (p > 0.05).

Table 4. Plasma metabolic parameters measured in rainbow trout fed the test diets at the end of the
98-day feeding period.

Plasma Parameters H0 H25 H50

Chol (mg dL−1) 188.0 ± 20.2 178.6 ± 29.9 196.7 ± 40.8
Trig (mg dL−1) 212.4 ± 50.1 186.8 ± 55.6 202.5 ± 37.8
Glu (mg dL−1) 112.7 ± 16.8 103.6 ± 9.9 123.0 ± 31.1

TP (g dL−1) 3.5 ± 0.5 3.2 ± 0.6 3.4 ± 0.7
Alb (g dL−1) 1.3 ± 0.2 1.5 ± 0.4 1.6 ± 0.3

Chol: cholesterol; Trig: triglycerides; Glu: glucose; TP: total proteins, and Alb: albumin. Values are reported as
mean ± SD.

3.3. Gene Expression

In liver samples, at the end of feeding trial, real-time PCR analyses were performed on genes
involved in fish growth (igf1 and mstn1a) and stress response (gr, hsp70).

Growth biomarkers, igf1 and mstn1a (Figure 1a,b), did not show significant differences (p > 0.05)
among the dietary treatments. The expression of the genes involved in stress response (gr and hsp70),
gr did not show any significant difference among the experimental groups (Figure 1c), while hsp70
showed a significant upregulation only in H50 dietary treatment (p < 0.05) (Figure 1d).

Figure 1. Relative mRNA abundance of genes involved in fish growth (igf1 and mstn1a) and stress
(gr and hsp70) analysed in liver from trout fed diets including different H meal levels (H0, H25, H50).
(a) igf1. (b) mastn1a. (c) gr. (d) hsp70. Different letters indicate significant differences among the
experimental groups (p <0.05). Values are presented as mean ± SD.
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The inflammatory response was investigated in the medium (M.I.) and hind (H.I.) intestine
through the gene expression of cytokines (il-10, tnf-α), while the innate immune defence was analysed
by monitoring the membrane receptor tlr-5. The most significant differences were shown in the M.I.
(Figure 2). In particular, a significant (p < 0.05) higher gene expression of il-10 (Figure 2a), tnf-α
(Figure 2b), and tlr-5 (Figure 2c) was shown in both H25 and H50 groups compared to H0 group.
As regards the expression of the same genes in the H.I., no significant differences were observed among
the three experimental groups, except for a higher il-10 gene expression in the H25 group (Figure 2d).

Figure 2. Relative mRNA abundance of genes involved in inflammatory response and innate immune
defence, analysed in the medium (M.I.) and hind (H.I.) intestine. (a) M.I. il-10. (b) M.I. tnf-α. (c) M.I.
tlr-5. (d) H.I. il-10. (e) H.I. tnf-α. (f) M.I. tlr-5. Different letters indicate statistically significant differences
among experimental groups (p < 0.05). Values are presented as mean ± SD.

3.4. Histology

Histological analysis of the liver stained with periodic acid of Shiff (PAS) is reported in Figure 3.
H50 (Figure 3e,f) showed an increase in liver lipid accumulation compared to both H0 (Figure 3a,b)
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and H25 (Figure 3c,d). No appreciable differences in glycogen accumulation were observed between
the dietary treatments by means of PAS staining.

Figure 3. Liver histology of rainbow trout stained with periodic acid of Shiff (PAS). Low and high
magnification of sections of liver from group H0 (a,b), H25 (c,d) and H50 (e,f). (Asterisks indicate lipid
accumulation. Scale bars: (a,c,e) = 20 µm; (b,d,f) = 10 µm.

Concerning the histological analysis of the different intestinal tracts (M.I. and H.I.), conventional
haematoxylin and eosin staining (HE) was performed to investigate possible inflammatory alterations,
while periodic acid of Shiff staining (PAS) was used to highlight differences in mucous cells distribution
(Figure 4). No inflammatory events were shown in both M.I. and H.I. of all fish examined
(Figure 4a,c,e,g,i,m). On the contrary, an appreciable increase in mucous cells (hyperplasia) was
shown in the H.I. tract of fish fed H50 (Figure 4n) compared to both H0 and H25.

Finally, the morphometric evaluation of the intestinal fold length was performed in the medium
tract of the intestine (M.I.) to evaluate a possible reduction of the absorptive epithelial surface.
Measurements evidenced a significant shortening of the fold length in fish fed diets containing insects
(697.5 ± 15.9 µm and 681.1 ± 11.2 µ for H25 and H50, respectively) compared to fish fed the control
diet H0 (821.7 ± 36.8 µm) (p < 0.05).
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Figure 4. Histology of medium (M.I.) and hind (H.I.) intestine from the different feeding groups (H0,
H25 and H50). Section were stained with haematoxylin and eosin (HE) and periodic acid of Shiff (PAS).
(a) H0 in M.I. HE staining. (b) H0 in M.I. PAS staining. (c) H25 in M.I. HE staining. (d) H25 in M.I. PAS
staining. (e) H50 in M.I. HE staining. (f) H50 in M.I. PAS staining. (g) H0 in H.I. HE staining. (h) H0 in
H.I. PAS staining. (i) H25 in H.I. HE staining. (j) H25 in H.I. PAS staining. (k) H50 in H.I. HE staining.
(l) H50 in H.I. PAS staining. Arrow heads indicate mucous cell hypertrophy. Scale bar = 100 µm.

3.5. FTIRI Analysis

In Figure 5, the average spectra of liver sections of all experimental groups were reported in
absorbance and second derivative modes. In Table 5, the most relevant absorption bands are listed
together with the vibrational meaning and the biochemical assignment, which were done according
to the literature [35,48]. Modifications in the spectral profiles were detected mainly in the regions
associated with the vibrational modes of lipid alkyl chains (3000–2824 cm−1) and carbohydrates
(1180–1000 cm−1).

Figure 5. Average spectra of liver sections of rainbow trout fed the test diets: H0 (black), H25 (blue),
and H50 (red). Spectra were reported in the 4000–900 cm−1 spectral range in absorbance and second
derivative modes (the wavenumbers of the most relevant peaks are reported in the bottom part).
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Table 5. Absorption bands detected on second derivative IR spectra of H0, H25 and H50 experimental
groups. For each band, the wavenumber (expressed as cm−1), together with the vibrational mode and
the biological meaning are reported.

Wavenumber Vibrational Mode Biological Meaning

~3019 Stretching vibration of =CH groups

~2965, ~2925, ~2858 Asymmetric and symmetric stretching vibrations
of CH3 and CH2 groups Mainly lipid alkyl chains

~1737 Stretching vibration of C=O ester moieties

~1662, ~1544 Amide I and II bands
Proteins~1455, ~1395 Bending vibrations of proteins side chains

~1237, ~1087 Asymmetric and symmetric stretching vibrations
of PO2- groups Phosphate groups

~1156 Stretching vibrations of C-O-H moieties Carbohydrates and glycogen
~1034 Stretching vibrations of C-O and C-C moieties

and bending of C-O-H groups

A preliminary imaging analysis was performed on IR maps to retrieve information on the
topographical distribution and the relative amount of Lipids (Figure 6b), Proteins (Figure 6c), and
Glycogen (Figure 6d) in liver sections from the different experimental groups. H50 liver samples
exhibited higher amounts of Lipid and Glycogen, together with a moderate decrease of Proteins than
liver of fish fed H0; in H25, only an increase in total Lipids was detected compared to H0 (Figure 6b),
while Proteins and Glycogen showed similar amounts.

Figure 6. Microphotographs (a) of representative liver sections of H0, H25, and H50 groups analysed
by FTIRI and topographical distribution of Lipids (b), Proteins (c), and Glycogen (d). Colours from warm
(red) to white indicate higher absorbance values, whilst blue colour indicates the lower ones. See colour
scale at the bottom.

The semi-quantitative analysis performed on specific band area ratios allows for making the
following considerations (Figure 7): (1) the relative amount of lipids calculated on tissue biomass
(LIP/TBM) resulted in significantly increased H25 and H50 compared to H0 (p < 0.05) (Figure 7a);
(2) the relative amounts of saturated lipid alkyl chains calculated both on tissue biomass (CH2/TBM)
and on total lipids (CH2/LIP) were significantly lower in H25 and H50 compared to H0 (p < 0.05)
(Figure 7b,c); (3) a significant decrease of the relative amount of proteins calculated on tissue biomass
(PRT/TBM) was detected only in H50, with respect to H0 and H25 (p < 0.05) (Figure 7d); and (4) the
highest levels of glycogen and carbohydrates, calculated on tissue biomass (GLY/TBM and COH/TBM,
respectively), were found in H50, and the lowest in H25 (p < 0.05) (Figure 7e,f).
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Figure 7. Statistical analysis of band area ratios calculated on H0, H25, and H50 liver samples:
(a) LIP/TBM (total amount of lipids), (b) CH2/TBM (total amount of saturated alkyl chains), (c) CH2/LIP
(saturated alkyl chains with respect to total lipids), (d) PRT/TBM (total amount of proteins), (e) GLY/TBM
(total amount of glycogen), and (f) COH/TBM (total amount of carbohydrates). Values are presented as
mean ± SD. Different letters indicate statistically significant differences among the experimental groups
(p < 0.05).

4. Discussion

In the present study, inclusion of full-fat Hermetia illucens meal in practical diets for rainbow
trout resulted in a moderate but not significant reduction of growth and FCR. These findings are in
agreement with several previous studies which tested inclusion levels (≤50%) of black soldier fly
(BSF) in the same [21,48] and different fish species, such as channel catfish (Ictalurus punctatus) [51],
Atlantic salmon (Salmo salar) [26,52], Jian carp (Cyprinus carpio) [36], turbot (Psetta maxima) [14], gilthead
seabream (Sparus aurata) [53], European sea bass (Dicentrarchus labrax) [24], Nile tilapia (Oreochromis
niloticus) [54], and yellow catfish (Pelteobagrus fulvidraco) [55].

Nevertheless, results on full-fat or defatted Hermetia meal inclusion in aquafeeds are still
contradictory. For example, in rainbow trout, dietary inclusion level of 30% or 33% of full-fat
Hermetia prepupae meal caused a worsening in WG and FCR values [19,20]. Similarly, an inverse
relationship was observed in trout fed increasing dietary amount of defatted BSF meal both on
thermal-unit growth coefficient and FCR [56]; this was also evidenced in juvenile turbot [14]. These
contradictory results may be related to several factors such as the BSF dietary inclusion level, the use of
full-fat or defatted insect meal, the presence of chitin, the feeding regime to which fish were subjected
(restricted vs. apparent satiation), the manufacturing of the feeds (pelleting vs. extrusion) and, of
course, the fish species investigated as well as the stage of development (juvenile vs. adult). Therefore,
further studies are needed to better elucidate the physiological responses of fish to these new diets,
including the species-specificity of these responses.

Since growth and ontogeny follow a genetically programmed and well-defined sequence in
which gene transcription and hormone regulation are crucial, clinical and zootechnical parameters
may not be sufficient to monitor fish growth and development. Therefore, besides the traditional
markers (morphological, histological, physiological, and biochemical), it may be important to look
for alternative ones at the molecular level. Consequently, gene expression can be used to generate
useful insights linking biotic and abiotic conditions to individual performances. Molecular markers
can be identified among those genes whose expression could reasonably be modified by different
conditions, including nutrition [57,58] and, among these, several studies showed that igfs and mstn
are useful growth biomarkers. Nutritional deficiencies have deep impact on fish growth and welfare
and circulating IGFs levels are known to be nutritionally regulated [33,35,59,60]. In fact, in many fish
species, IGFs blood or tissue levels mRNA positively correlate with feeding levels, dietary protein
content and body growth rate [59]. On the other hand, myostatin, a member of the transforming growth
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factor-β (TGF-β) family, is considered to be an inhibitory factor in the growth of skeletal muscle [61].
Therefore, fish final growth is related to the interplay of these positive and negative signals [62].
In the present study, biometric results were fully supported by the molecular ones since no significant
differences in igf1 and mstn1a gene expression were detected among the experimental groups.

Captive rearing, including nutrition, is quite different from a natural condition, often causing a
decline in fish welfare. The Fulton’s condition factor (K), commonly used to describe fish well-being, is
based on the assumption that for a given length, heavier fish are in better condition [63]. K values lower
than 1 indicate unhealthy fish, while values higher than 1 denote fish in a good physiological state.
Independent of dietary treatment, the K values reported in the present trial were higher than 1 and
similar to those recorded in a previous study carried out in adult rainbow trout fed defatted Hermetia
meal [21]. Farmed fish are usually exposed to a variety of stressors and long-term exposure has
negative effects on fish health and performance, by increasing disease susceptibility and decreasing fish
growth [64]. However, to our knowledge, scant information is available for rainbow trout regarding
the effects of insect meal feeding on the expression of stress and immune-related genes, as well as on
the levels of serum metabolites as secondary and tertiary stress responses, respectively [65].

The results of the present study have demonstrated that a 98-day feeding trial with graded dietary
inclusion level of full-fat insect meal had no significant effects on the activation of the primary stress
response (gr) gene expression in trout. At a cellular level, the stress response is often mediated by
heat-shock proteins (HSPs), a family of highly conserved proteins present in all cells and life forms [66].
A variation in HSPs gene expression is often considered a useful bio-indicator in stress response [67].

An up-regulation of the hsp70 gene expression was observed, at the hepatocyte level, in fish
fed the highest insect meal dietary inclusion (H50) possibly suggesting a physiological activation
of stress/inflammation response after 98 days of feeding trial. Similarly, a significant up-regulation
of hsp70 was observed in Jian carp fed a diet including defatted BSF larvae higher than 79 g kg−1,
suggesting a potential stress response induction [36]. On the contrary, in Atlantic salmon [68] hsp70
gene expression was not affected by the inclusion of 600 g kg−1 of defatted insect meal. The present
contradictory results obtained in these trailblazing studies deserve further investigation in order to
clarify the stress response of fish fed diets including insect meal. Anyway, considering the plasma
metabolic profile of trout fed graded inclusion level of full-fat Hermetia meal, no significant differences
were noted in the parameters herein considered, which were in line with those previously found in
the same species [69]. The inconsistency of our results and those observed in other fish species, such
as European seabass [24], deserves to be further investigated in order to better clarify the potential
ipo-cholesterolaemic effect of insect meal.

As a primary site of food digestion and nutrient absorption, the gastrointestinal system plays a
key role in the optimum utilization of dietary nutrients, which depends on its functionality. Previous
studies on alternative feed ingredients show that high inclusion levels of plant protein as FM replacer
can affect both gut and liver integrity [70]. Liver plays a key role in many fish metabolic pathways and
its morphological structure, macromolecular composition and gene expression are deeply influenced
by the diet [33–35]. In this regard, the present study, demonstrates that stress biomarkers are affected
by diets including insects. Even if the offered diets were isolipidic, the lipid hepatic accumulation
detected by histological and FTIRI analyses was very different. Specifically, fish fed diets including
insect meal showed an increase in lipid accumulation compared to control fish (Lipids and LIP/TBM).
FTIRI analysis provided deeper insight into liver biochemical composition, revealing that most of
the accumulated lipids showed shorter alkyl chains (CH2/TBM and CH2/LIP). In addition, a high
accumulation of glycogen (Glycogen and GLY/TBM) and, in general, of carbohydrates (COH/TBM), was
detected in trout liver fed the diet with the highest insect meal inclusion. Finally, no relevant changes
in the protein pattern (Proteins and PRT/TBM) were observed; when the highest insect meal inclusion
level was used, only a moderate decrease of proteins was found.

A recent paper by Zarantoniello et al. [59] reported that an increase in the dietary SFA may
play an important role in the development of hepatic steatosis [71], causing liver dysfunction by
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promoting endoplasmic reticulum stress and apoptosis [72,73] and these results are in line with
the hsp70 up-regulation observed in fish fed the H50 diet. Aside from the deficiencies in fatty acid
composition, insect meal is characterized by the presence of chitin, a polysaccharide that constitutes
the insect and crustacean exoskeleton. The specific role of chitin in fish diets is still controversial and is
related to its dietary level of inclusion; when included at low levels, it might act as an immune-stimulant
and anti-inflammatory molecule in fish [74], while if included at high doses it might reduce fish
growth and intestinal inflammation [14,36]. In addition, the role of chitin seems to be size dependent:
large chitin polymers may be inert; fragments of 40–70 µm may be pro-inflammatory and the smaller
ones (less than <40 µm) anti-inflammatory [75]. Consequently, when using diets including chitin, the
gastrointestinal tract should be carefully analysed, possibly through a multidisciplinary approach.

Intestinal morphology is a valuable means to assess both gut health and its functional status [32].
In the present study, the histological analyses performed in the medium and hind intestine highlighted
the absence of severe inflammatory events but evidenced the presence of goblet cells that produce
neutral mucins, as previously observed in trout fed defatted insect meal [27,76] and in black tetra
(Gymnocorymbus ternetzi) [77]. Mucus-secreting cells are normally observed in the mucosa of digestive
tract of fish, with distribution and histochemical characterization depending on species, age, gut
segment, diets and feeding habits [27]. In the present study, the mucin type cells were studied along
the intestinal tract [76] and an increasing amount of mucin goblet cells were specifically observed in
the hind gut tract of fish fed the highest Hermetia meal inclusion (H50). These results are in agreement
with previous observations in trout [27], tiger barb (Puntius tetrazona), black tetra [77], and in rice field
eel (Monopoterus albus) [78], in which the accumulation of mucin cells in the posterior intestine was
associated with intestinal protection and lubrification [77]. Dietary manipulation is also known to
influence the intestinal microvilli structure [79] and, in order to assess possible gut histopathological
evidences, villi length was investigated [36,58,79]. Since proteins are mainly digested and absorbed in
the proximal and mid intestine, and to a lesser extent in the hind tract (H.I.), the medium portion of the
intestine (M.I.) was analysed. The present study evidenced a negative effect on M.I. villus length in fish
fed insect including diets showing both a reduction in the absorptive epithelial surface and a potential
occurrence of gut inflammation [36,37]. These histological observations were fully supported by the
gene expression analyses (which can be useful to precociously detect physiological responses) of the
immune related genes [80], showing a significantly higher gene expression in M.I. respect to the other
intestinal tracts analysed. Similar negative effects were previously observed in Jian carp [36] fed a
diet including defatted BSF larvae meal up to 79 g kg−1 resulted in irregularity of gut microvilli shape.
However, other studies performed on Salmonids evidenced no significant histological modifications at
intestinal level [21,26,27].

In this study, graded levels of full-fat H. illucens dietary meal inclusion were associated with
increasing levels of purified plant protein-rich ingredients, such as pea protein concentrate and wheat
gluten, in order to keep all diets isonitrogenous and isoenergetic. Even if interactive effects between
protein sources of different origin cannot be ruled out [81], they were expected to be minor in magnitude,
hence supporting the idea that changes in fish responses were basically due to the graded levels of
insect meal in the diet. In fact, in this experiment, both pea protein concentrate and wheat gluten were
included at levels that were shown not to alter growth and gut health of salmonids when used either
singly or in combination [39–42].

5. Conclusions

In conclusion, the present study highlighted that dietary inclusion of full-fat H. illucens meal up to
210 g kg−1 in a practical diet for rainbow trout did not hamper fish growth; however, the application of
a multidisciplinary approach evidenced that some biomarkers related to stress and immune function
were altered, as well as liver macromolecular composition.
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Further investigations are needed to deepen the knowledge of dietary manipulation and
mechanisms responsible for potential combined effects when insect meal and other plant protein
sources are used in practical diets for rainbow trout.

Author Contributions: Conceptualization and methodology, G.C., F.T., I.O.; Data collection, curation and analyses
G.C., I.O., F.T., M.M., E.G., I.O.; Laboratory analyses, B.R., A.Z., M.Z., M.M., L.B., E.G.; Visualization, B.R., E.G.;
Writing—original draft, G.C., B.R., I.O., F.T., G.P., E.G.; Writing—review and editing, G.C., F.T., I.O., G.P., B.R.;
Funding acquisition, F.T., I.O.

Funding: This research was partially funded by PRID START UP 2018 of Francesca Tulli and by Project Fondi di
Ateneo 2017 of of Ike Olivotto.

Acknowledgments: The authors gratefully acknowledge Alessio Carletti, Luca Calloni, Marco Pelosi, and Fabio
Mina for technical support in fish husbandry and laboratory activities. We also apologize to those colleagues
whose works we were unable to cite due to space limitation. We are grateful to anonymous reviewers who made
valuable comments on the earlier version of the manuscript.

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

References

1. Tacon, A.; Metian, M. Feed matters: Satisfying the feed demand of aquaculture. Rev. Fish. Sci. Aquac. 2015,
23, 1–10. [CrossRef]

2. FAO. The State of World Fisheries and Aquaculture 2018—Meeting the Sustainable Development Goals; FAO: Rome,
Italy, Licence: CC BY-NC-SA 3.0 IGO; 2018; p. 227. ISBN 978-92-5-130562-1.

3. Gatlin, D.; Barrows, F.; Brown, P.; Dabrowski, K.; Gaylord, T.; Hardy, R.; Herman, E.; Hu, G.; Krogdahl, A.;
Nelson, R.; et al. Expanding the utilization of sustainable plant products in aquafeeds: A review. Aquacult. Res.
2007, 38, 551–579. [CrossRef]

4. Glencross, B.D.; Booth, M.; Allan, G.L. A feed is only as good as its ingredients—A review of ingredient
evaluation strategies for aquaculture feeds. Aquac Nutr. 2007, 13, 17–34. [CrossRef]

5. Pahlow, M.; van Oel, P.; Mekonnen, M.; Hoekstra, A. Increasing pressure on freshwater resources due to
terrestrial feed ingredients for aquaculture production. Sci. Total Environ. 2015, 536, 847–857. [CrossRef]

6. Oliva-Teles, A.; Enes, P.; Peres, H. Replacing fishmeal and fish oil in industrial aquafeed. In Feed and Feeding
Practices in Aquaculture; Davis, A., Ed.; Woodhead Publishing Limited: Waltham, MA, USA, 2015; pp. 203–233.

7. Van Huis, A.; Van Itterbeeck, J.; Mertens, E.; Halloran, A.; Mui, G.; Vantomme, P. Edible Insects: Future
Prospects for Food and Feed Security; FAO: Rome, Italy, 2013; pp. 1–201.

8. Oonincx, D.; de Boer, I. Environmental impact of the production of mealworms as a protein source for
humans—A life cycle assessment. PLoS ONE 2012, 7, e51145. [CrossRef]

9. Makkar, H.; Tran, G.; Henze, V.; Ankers, P. State-of-the-art on use of insects as animal feed. Anim. Feed Sci.
Technol. 2014, 197, 1–33. [CrossRef]

10. Sanchez-Muros, M.; Barroso, F.; Manzano-Agugliaro, F. Insect meal as renewable source of food for animal
feeding: A review. J. Clean Prod. 2014, 65, 16–27. [CrossRef]

11. Barroso, F.; de Haro, C.; Sanchez-Muros, M.; Venegas, E.; Martinez-Sanchez, A.; Perez-Banon, C. The potential
of various insect species for use as food for fish. Aquaculture 2014, 422, 193–201. [CrossRef]

12. 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]

13. Nogales-Mérida, S.; Gobbi, P.; Jozefiak, D.; Mazurkiewicz, J.; Dudek, K.; Rawski, M.; Kieronczyk, B.;
Jozefiak, A. Insect meal in fish nutrition. Rev. Aquacult. 2018, 1–14. [CrossRef]

14. Kroeckel, S.; Harjes, A.; 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, 364, 345–352.
[CrossRef]

15. Cullere, M.; Tasoniero, G.; Giaccone, V.; Miotti-Scapin, R.; Claeys, E.; De Smet, S.; Zotte, A. Black soldier
fly as dietary protein source for broiler quails: Apparent digestibility, excreta microbial load, feed choice,
performance, carcass and meat traits. Animal 2016, 10, 1923–1930. [CrossRef]

http://dx.doi.org/10.1080/23308249.2014.987209
http://dx.doi.org/10.1111/j.1365-2109.2007.01704.x
http://dx.doi.org/10.1111/j.1365-2095.2007.00450.x
http://dx.doi.org/10.1016/j.scitotenv.2015.07.124
http://dx.doi.org/10.1371/journal.pone.0051145
http://dx.doi.org/10.1016/j.anifeedsci.2014.07.008
http://dx.doi.org/10.1016/j.jclepro.2013.11.068
http://dx.doi.org/10.1016/j.aquaculture.2013.12.024
http://dx.doi.org/10.1016/j.anifeedsci.2015.03.001
http://dx.doi.org/10.1111/raq.12281
http://dx.doi.org/10.1016/j.aquaculture.2012.08.041
http://dx.doi.org/10.1017/S1751731116001270


Animals 2019, 9, 251 18 of 21

16. St-Hilaire, S.; Cranfill, K.; McGuire, M.; Mosley, E.; Tomberlin, J.; Newton, L.; Sealey, W.; Sheppard, C.;
Irving, S. Fish offal recycling by the black soldier fly produces a foodstuff high in omega-3 fatty acids. J. World
Aquacult. Soc. 2007, 38, 309–313. [CrossRef]

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

18. Newton, L.; Sheppard, C.; Watson, W.; Burtle, G.; Dove, R. Using the Black Soldier Fly, Hermetia illucens, as a
Value-Added Tool for the Management of Swine Manure; Annual Report; Animal and Poultry Waste Management
Center, North Carolina State University: Raleigh, NC, USA, 2005; p. 17.

19. St-Hilaire, S.; Sheppard, C.; Tomberlin, J.; Irving, S.; Newton, L.; McGuire, M.; Mosley, E.; Hardy, R.; Sealey, W.
Fly prepupae as a feedstuff for rainbow trout, Oncorhynchus mykiss. J. World Aquacult. Soc. 2007, 38, 59–67.
[CrossRef]

20. Sealey, W.; Gaylord, T.; Barrows, F.; Tomberlin, J.; McGuire, M.; Ross, C.; St-Hilaire, S. Sensory analysis
of rainbow trout, Oncorhynchus mykiss, fed enriched black soldier fly prepupae, Hermetia illucens. J. World
Aquacult. Soc. 2011, 42, 34–45. [CrossRef]

21. Renna, M.; Schiavone, A.; Gai, F.; Dabbou, S.; Lussiana, C.; Malfatto, V.; Prearo, M.; Capucchio, M.; Biasato, I.;
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. [CrossRef]

22. Bruni, L.; Pastorelli, R.; Viti, C.; Gasco, L.; Parisi, G. Characterisation of the intestinal microbial communities
of rainbow trout (Oncorhynchus mykiss) fed with Hermetia illucens (black soldier fly) partially defatted larva
meal as partial dietary protein source. Aquaculture 2018, 487, 56–63. [CrossRef]

23. Esteban, M.; Cuesta, A.; Ortuno, J.; Meseguer, J. Immunomodulatory effects of dietary intake of chitin
on gilthead seabream (Sparus aurata L.) innate immune system. Fish Shellfish Immunol. 2001, 11, 303–315.
[CrossRef]

24. Magalhaes, R.; Sanchez-Lopez, A.; Leal, R.; Martinez-Llorens, S.; Oliva-Telesa, 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]

25. Li, X.; Rahimnejad, S.; Wang, L.; Lu, K.; Song, K.; Zhang, C. Substituting fish meal with housefly
(Musca domestica) maggot meal in diets for bullfrog rana (Lithobates catesbeiana): Effects on growth, digestive
enzymes activity, antioxidant capacity and gut health. Aquaculture 2019, 499, 295–305. [CrossRef]

26. Lock, E.; Arsiwalla, T.; Waagbo, R. Insect larvae meal as an alternative source of nutrients in the diet of
Atlantic salmon (Salmo salar) postsmolt. Aquac. Nutr. 2016, 22, 1202–1213. [CrossRef]

27. Elia, A.; Capucchio, M.; Caldaroni, B.; Magara, G.; Dorr, A.; Biasato, I.; Biasibetti, E.; Righetti, M.; Pastorino, P.;
Prearo, M.; et al. Influence of Hermetia illucens meal dietary inclusion on the histological traits, gut mucin
composition and the oxidative stress biomarkers in rainbow trout (Oncorhynchus mykiss). Aquaculture 2018,
496, 50–57. [CrossRef]

28. Iwashita, Y.; Yamamoto, T.; Furuita, H.; Sugita, T.; Suzuki, N. Influence of certain soybean antinutritional
factors supplemented to a casein-based semipurified diet on intestinal and liver morphology in fingerling
rainbow trout Oncorhynchus mykiss. Fish. Sci. 2008, 74, 1075–1082. [CrossRef]

29. Martin, S.; Dehler, C.; Krol, E. Transcriptomic responses in the fish intestine. Dev. Comp. Immunol. 2016, 64,
103–117. [CrossRef]

30. Wulff, T.; Petersen, J.; Norrelykke, M.; Jessen, F.; Nielsen, H. Proteome analysis of pyloric ceca: A methodology
for fish feed development? J. Agric. Food Chem. 2012, 60, 8457–8464. [CrossRef]

31. Kortner, T.; Skugor, S.; Penn, M.; Mydland, L.; Djordjevic, B.; Hillestad, M.; Krasnov, A.; Krogdahl, A. Dietary
soyasaponin supplementation to pea protein concentrate reveals nutrigenomic interactions underlying
enteropathy in Atlantic salmon (Salmo salar). BMC Vet. Res. 2012, 8, 101. [CrossRef]

32. Giorgini, E.; Randazzo, B.; Gioacchini, G.; Cardinaletti, G.; Vaccari, L.; Tibaldi, E.; Olivotto, I. New insights on
the macromolecular building of rainbow trout (O. mykiss) intestine: FTIR imaging and histological correlative
study. Aquaculture 2018, 497, 1–9. [CrossRef]

33. Vargas, A.A.; Randazzo, B.; Riolo, P.; Truzzi, C.; Gioacchini, G.; Giorgini, E.; Loreto, N.; Ruschioni, S.;
Zarantoniello, M.; Antonucci, M.; et al. Rearing zebrafish on black soldier fly (Hermetia illucens): Biometric,
histological, spectroscopic, biochemical, and molecular implications. Zebrafish 2018, 15, 404–419. [CrossRef]

http://dx.doi.org/10.1111/j.1749-7345.2007.00101.x
http://dx.doi.org/10.1371/journal.pone.0183188
http://dx.doi.org/10.1111/j.1749-7345.2006.00073.x
http://dx.doi.org/10.1111/j.1749-7345.2010.00441.x
http://dx.doi.org/10.1186/s40104-017-0191-3
http://dx.doi.org/10.1016/j.aquaculture.2018.01.006
http://dx.doi.org/10.1006/fsim.2000.0315
http://dx.doi.org/10.1016/j.aquaculture.2017.04.021
http://dx.doi.org/10.1016/j.aquaculture.2018.09.053
http://dx.doi.org/10.1111/anu.12343
http://dx.doi.org/10.1016/j.aquaculture.2018.07.009
http://dx.doi.org/10.1111/j.1444-2906.2008.01627.x
http://dx.doi.org/10.1016/j.dci.2016.03.014
http://dx.doi.org/10.1021/jf3016943
http://dx.doi.org/10.1186/1746-6148-8-101
http://dx.doi.org/10.1016/j.aquaculture.2018.07.032
http://dx.doi.org/10.1089/zeb.2017.1559


Animals 2019, 9, 251 19 of 21

34. Carnevali, O.; Notarstefano, V.; Olivotto, I.; Graziano, M.; Gallo, P.; Di Marco Pisciottano, I.; Vaccari, L.;
Mandich, A.; Giorgini, E.; Maradonna, F. Dietary administration of edc mixtures: A focus on fish lipid
metabolism. Aquat. Toxicol. 2017, 185, 95–104. [CrossRef]

35. Vargas, A.A.; Randazzo, B.; Foddai, M.; Sanchini, L.; Truzzi, C.; Giorgini, E.; Gasco, L.; Olivotto, I. Insect meal
based diets for clownfish: Biometric, histological, spectroscopic, biochemical and molecular implications.
Aquaculture 2019, 498, 1–11. [CrossRef]

36. Li, S.; Ji, H.; Zhang, B.; Zhou, J.; Yu, H. Defatted black soldier fly (Hermetia illucens) larvae meal in diets
for juvenile Jian carp (Cyprinus carpio var. Jian): Growth performance, antioxidant enzyme activities,
digestive enzyme activities, intestine and hepatopancreas histological structure. Aquaculture 2017, 477, 62–70.
[CrossRef]

37. Zhang, C.; Rahimnejad, S.; Wang, Y.; Lu, K.; Song, K.; Wang, L.; Mai, K. Substituting fish meal with soybean
meal in diets for Japanese seabass (Lateolabrax japonicus): Effects on growth, digestive enzymes activity,
gut histology, and expression of gut inflammatory and transporter genes. Aquaculture 2018, 483, 173–182.
[CrossRef]

38. ISMEA (2013). Il Settore Ittico in Italia—Check up 2013. Available online: http://www.ismea.it/flex/cm/pages/
ServeBLOB.php/L/IT/IDPagina/8845c (accessed on 20 November 2018).

39. Collins, S.A.; Desai, A.R.; Mansfield, G.S.; Hill, J.E.; van Kessel, A.G.; Drew, M.D. The effect of increasing
inclusion rate of soybean, pea and canola meals and their protein concentrates on the growth of rainbow
trout: Concepts in diet formulation and experimental design for ingredient evaluation. Aquaculture 2012,
344–349, 90–99. [CrossRef]

40. Øverland, M.; SØrensen, M.; Storebakken, T.; Penn, M.; Krogdahl, Å.; Skrede, A. protein concentrate
substituting fish meal or soybean meal in diets for Atlantic salmon (Salmo salar)-Effect on growth performance,
nutrient digestibility, carcass composition, gut health, and physical feed quality. Aquaculture 2009, 388,
305–311. [CrossRef]

41. Santigosa, E.; Sànchez, J.; Médale, F.; Kaushil, S.; Pérez-Sànchez, J.; Gallardo, M.A. Modifications of digestive
enzymes in trout (Oncorhynchus mykiss) and sea bream (Sparus aurata) in response to dietary fish meal
replacement by plant protein sources. Aquaculture 2008, 283, 68–74. [CrossRef]

42. Santigosa, E.; Garcìa-Meilàn, I.; Valentin, J.M.; Pérez-Sànchez, J.; Médale, F.; Kaushil, S.; Gallardo, M.A.
Modifications of intestinal nutrient absorption in response to dietary fish meal replacement by plant protein
sources in sea bream (Sparus aurata) and rainbow trout (Oncorhynchus mykiss). Aquaculture 2011, 317, 146–154.
[CrossRef]

43. National Research Council (NRC). Nutrient Requirements of Fish and Shrimp; The National Academies Press:
Washington, DC, USA, 2011.

44. Association of Official Analytical Chemists. Official Methods of Analysis, 19th ed.; AOAC: Washington, DC,
USA, 2006.

45. Folch, J.; Lees, M.; Sloane-Stanley, H.S. A simple method for the isolation and purification of the total lipids
from animal tissues. J. Biol. Chem. 1997, 226, 497–509.

46. Morrison, W.R.; Smith, L.M. Preparation of fatty acid methyl esters and dimethylacetals from lipids with
boron fluoride-methanol. J. Lipid Res. 1964, 5, 600–608.

47. Tulli, F.; Zittelli, G.; Giorgi, G.; Poli, B.; Tibaldi, E.; Tredici, M. Effect of the inclusion of dried Tetraselmis
suecica on growth, feed utilization, and fillet composition of European sea bass juveniles fed organic diets.
J. Aquat. Food Prod. Technol. 2012, 21, 188–197. [CrossRef]

48. Stadtlander, T.; Stamer, A.; Buser, A.; Wohlfahrt, J.; Leiber, F.; Sandrock, C. Hermetia illucens meal as fish meal
replacement for rainbow trout on farm. J. Insects Food Feed 2017, 3, 165–175. [CrossRef]

49. Randazzo, B.; Rolla, L.; Ofelio, C.; Planas, M.; Gioacchini, G.; Vargas, A.; Giorgini, E.; Olivotto, I. The
influence of diet on the early development of two seahorse species (H. guttulatus and H. reidi): Traditional
and innovative approaches. Aquaculture 2018, 490, 75–90. [CrossRef]

50. Giorgini, E.; Sabbatini, S.; Conti, C.; Rubini, C.; Rocchetti, R.; Re, M.; Vaccari, L.; Mitri, E.; Librando, V.
Vibrational mapping of sinonasal lesions by Fourier transform infrared imaging spectroscopy. J. Biomed. Opt.
2015, 20, 125003. [CrossRef]

51. Bondari, K.; Sheppard, D.C. Soldier fly, Hermetia illucens L., larvae as feed for channel catfish, Ictalurus
punctatus (Rafinesque), and blue tilapia, Oreochromis aureus (Steindachner). Aquac. Res. 1987, 18, 209–220.
[CrossRef]

http://dx.doi.org/10.1016/j.aquatox.2017.02.007
http://dx.doi.org/10.1016/j.aquaculture.2018.08.018
http://dx.doi.org/10.1016/j.aquaculture.2017.04.015
http://dx.doi.org/10.1016/j.aquaculture.2017.10.029
http://www.ismea.it/flex/cm/pages/ServeBLOB.php/L/IT/IDPagina/8845c
http://www.ismea.it/flex/cm/pages/ServeBLOB.php/L/IT/IDPagina/8845c
http://dx.doi.org/10.1016/j.aquaculture.2012.02.018
http://dx.doi.org/10.1016/j.aquaculture.2008.12.012
http://dx.doi.org/10.1016/j.aquaculture.2008.06.007
http://dx.doi.org/10.1016/j.aquaculture.2011.04.026
http://dx.doi.org/10.1080/10498850.2012.664803
http://dx.doi.org/10.3920/JIFF2016.0056
http://dx.doi.org/10.1016/j.aquaculture.2018.02.029
http://dx.doi.org/10.1117/1.JBO.20.12.125003
http://dx.doi.org/10.1111/j.1365-2109.1987.tb00141.x


Animals 2019, 9, 251 20 of 21

52. Belghit, I.; Liland, N.; Waagbo, R.; Biancarosa, I.; Pelusio, N.; Li, Y.; Krogdahl, A.; Lock, E. Potential of
insect-based diets for Atlantic salmon (Salmo salar). Aquaculture 2018, 491, 72–81. [CrossRef]

53. Karapanagiotidis, I.T.; Daskalopoulou, E.; Vogiatzis, I.; Rumbos, C.; Mente, E.; Athanassious, C.G. Substitution
of Fishmeal by Fly Hermetia illucens Prepupae Meal in the Diet of Gilthead Seabream (Sparus aurata).
In Proceedings of the HydroMedit 2014, Volos, Greece, 13–15 November 2014.

54. Muin, H.; Taufek, N.; Kamarudin, M.; Razak, S. Growth performance, feed utilization and body composition of
Nile tilapia, Oreochromis niloticus (Linnaeus, 1758) fed with different levels of black soldier fly, Hermetia illucens
(Linnaeus, 1758) maggot meal diet. Iran. J. Fish. Sci. 2017, 16, 567–577.

55. 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). Aquacult. Res. 2018, 49, 1569–1577. [CrossRef]

56. Dumas, A.; Raggi, T.; Barkhouse, J.; 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]

57. Piccinetti, C.; Tulli, F.; Tokle, N.; Cardinaletti, G.; Olivotto, I. The use of preserved copepods in sea bream
small-scale culture: Biometric, biochemical and molecular implications. Aquac. Nutr. 2014, 20, 90–100.
[CrossRef]

58. Messina, M.; Bulfon, C.; Beraldo, P.; Tibaldi, E.; Cardinaletti, G. Intestinal morpho-physiology and innate
immune status of European sea bass (Dicentrarchus labrax) in response to diets including a blend of two
marine microalgae, Tisochrysis lutea and Tetraselmis suecica. Aquaculture 2019, 500, 660–669. [CrossRef]

59. Zarantoniello, M.; Bruni, L.; Randazzo, B.; Vargas, A.; Gioacchini, G.; Truzzi, C.; Annibaldi, A.; Riolo, P.;
Parisi, G.; Cardinaletti, G.; et al. Partial dietary inclusion of Hermetia illucens (black soldier fly) full-fat
prepupae in zebrafish feed: Biometric, histological, biochemical, and molecular implications. Zebrafish 2018,
15, 519. [CrossRef] [PubMed]

60. Wan, X.; Wang, S.; Xu, J.; Zhuang, L.; Xing, K.; Zhang, M.; Zhu, X.; Wang, L.; Gao, P.; Xi, Q.; et al. Dietary
protein-induced hepatic igf-1 secretion mediated by ppar. Activation. PLoS ONE 2017, 12, e0173174.
[CrossRef] [PubMed]

61. McPherron, A.; Lawler, A.; Lee, S. Regulation of skeletal muscle mass in mice by a new tgf-beta superfamily
member. Nature 1997, 387, 83–90. [CrossRef]

62. Garikipati, D.; Gahr, S.; Rodgers, B. Identification, characterization, and quantitative expression analysis of
rainbow trout myostatin-1a and myostatin-1b genes. J. Endocrinol. 2006, 190, 879–888. [CrossRef] [PubMed]

63. Muddasir, J.; Imtiaz, A. Length weight relationship and condition factor of snow trout, Schizothorax
plagiostomus (Heckel, 1838) from Lidder River, Kashmir. Int. J. Fish. Aquat. Stud. 2016, 4, 131–136.

64. Barton, B. Stress in fishes: A diversity of responses with particular reference to changes in circulating
corticosteiroids. Integr. Comp. Biol. 2002, 42, 517–525. [CrossRef] [PubMed]

65. Mosconi, G.; Cardinaletti, G.; Carotti, M.; Palermo, F.A.; Soverchia, L.; Polzonetti-Magni, A.M.
Neuroendocrine mechanisms regulating stress response in cultured teleost species. In Fish Endocrinology;
Reinecke, M., Zaccone, M.G., Kapoor, B.G., Eds.; CRC Press Taylor & Francis Group: Enfileld, NH, USA,
2006; Volume 2, pp. 693–720. ISBN 978-1-5780-8318-3.

66. Iwama, G.; Thomas, P.; Forsyth, R.; Vijayan, M. Heat shock protein expression in fish. Rev. Fish Biol. Fish.
1998, 8, 35–56. [CrossRef]

67. Poltronieri, C.; Negrato, E.; Bertotto, D.; Majolini, D.; Simontacchi, C.; Radaelli, G. Immunohistochemical
localization of constitutive and inducible heat shock protein 70 in carp (Cyprinus carpio) and trout
(Oncorhynchus mykiss) exposed to transport stress. Eur. J. Histochem. 2008, 52, 191–198. [CrossRef]

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

69. Yarahmadi, P.; Miandare, H.; Hoseinifar, S.; Gheysvandi, N.; Akbarzadeh, A. The effects of stocking density
on hemato-immunological and serum biochemical parameters of rainbow trout (Oncorhynchus mykiss).
Aquac. Int. 2015, 23, 55–63. [CrossRef]

70. Gai, F.; Gasco, L.; Daprà, 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 Aquacult.
Soc. 2012, 43, 218–229. [CrossRef]

http://dx.doi.org/10.1016/j.aquaculture.2018.03.016
http://dx.doi.org/10.1111/are.13611
http://dx.doi.org/10.1016/j.aquaculture.2018.03.038
http://dx.doi.org/10.1111/anu.12055
http://dx.doi.org/10.1016/j.aquaculture.2018.09.054
http://dx.doi.org/10.1089/zeb.2018.1596
http://www.ncbi.nlm.nih.gov/pubmed/29912648
http://dx.doi.org/10.1371/journal.pone.0173174
http://www.ncbi.nlm.nih.gov/pubmed/28257428
http://dx.doi.org/10.1038/387083a0
http://dx.doi.org/10.1677/joe.1.06866
http://www.ncbi.nlm.nih.gov/pubmed/17003288
http://dx.doi.org/10.1093/icb/42.3.517
http://www.ncbi.nlm.nih.gov/pubmed/21708747
http://dx.doi.org/10.1023/A:1008812500650
http://dx.doi.org/10.4081/1211
http://dx.doi.org/10.1111/anu.12860
http://dx.doi.org/10.1007/s10499-014-9797-z
http://dx.doi.org/10.1111/j.1749-7345.2012.00557.x


Animals 2019, 9, 251 21 of 21

71. Wang, D.; Wei, Y.; Pagliassotti, M. Saturated fatty acids promote endoplasmic reticulum stress and liver
injury in rats with hepatic steatosis. Endocrinology 2006, 147, 943–951. [CrossRef] [PubMed]

72. Wei, Y.; Wang, D.; Topczewski, F.; Pagliassotti, M. Saturated fatty acids induce endoplasmic reticulum
stress and apoptosis independently of ceramide in liver cells. Am. J. Physiol. Endocrinol. Metab. 2006, 291,
E275–E281. [CrossRef]

73. Pfaffenbach, K.; Gentile, C.; Nivala, A.; Wang, D.; Wei, Y.; Pagliassotti, M. Linking endoplasmic reticulum
stress to cell death in hepatocytes: Roles of c/ebp homologous protein and chemical chaperones in
palmitate-mediated cell death. Am. J. Physiol. Endocrinol. Metab. 2010, 298, E1027–E1035. [CrossRef]
[PubMed]

74. Gasco, L.; Finke, M.; van Huis, A. Can diets containing insect promote animal health? J. Insects Food Feed
2018, 4, 1–4. [CrossRef]

75. Henry, M.; Gasco, L.; Chatzifotis, S.; Piccolo, G. Does dietary insect meal affect the fish immune system?
The case of mealworm, Tenebrio molitor on European sea bass, Dicentrarchus labrax. Dev. Comp. Immunol.
2018, 81, 204–209. [CrossRef]

76. Khojasteh, S.M.B.; Sheikhzadeh, F.; Mohammadnejad, D.; Azami, A. Histological, histochemical and
ultrastructural study of the intestine of rainbow trout (Oncorhynchus mykiss). World Appl. Sci. J. 2009, 6,
1525–1531.

77. Leknes, I.L. Goblet cell types in intestine of tiger barb and black tetra (Cyprinidae, Characidae: Teleostei).
Anat. Histol. Embryol. 2014, 43, 352–360. [CrossRef]

78. Dai, X.; Shu, M.; Fang, W. Histological and ultrastructural study of the digestive tract of rice field eel,
Monopoterus albus. J. Appl. Ichthyol. 2007, 23, 177–183. [CrossRef]

79. Swatson, H.; Gous, R.; Iji, P.; Zarrinkalam, R. Effect of dietary protein level, amino acid balance and feeding
level on growth, gastrointestinal tract, and mucosal structure of the small intestine in broiler chickens.
Anim. Res. 2002, 51, 501–515. [CrossRef]

80. Martin, E.; Trichet, V.; Legrand-Frossi, C.; Frippiat, J. Comparison between intestinal and non-mucosal
immune functions of rainbow trout, Oncorhynchus mykiss. Fish Shellfish Immunol. 2012, 33, 1258–1268.
[CrossRef] [PubMed]

81. Zhang, Y.; Overland, M.; Sorensen, M.; Penn, M.; Mydland, L.; Shearer, K.; Storebakken, T. Optimal inclusion
of lupin and pea protein concentrates in extruded diets for trout (Oncorhynchus mykiss). Aquaculture 2012,
344, 100. [CrossRef]

© 2019 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/10.1210/en.2005-0570
http://www.ncbi.nlm.nih.gov/pubmed/16269465
http://dx.doi.org/10.1152/ajpendo.00644.2005
http://dx.doi.org/10.1152/ajpendo.00642.2009
http://www.ncbi.nlm.nih.gov/pubmed/20159858
http://dx.doi.org/10.3920/JIFF2018.x001
http://dx.doi.org/10.1016/j.dci.2017.12.002
http://dx.doi.org/10.1111/ahe.12083
http://dx.doi.org/10.1111/j.1439-0426.2006.00830.x
http://dx.doi.org/10.1051/animres:2002038
http://dx.doi.org/10.1016/j.fsi.2012.09.019
http://www.ncbi.nlm.nih.gov/pubmed/23026718
http://dx.doi.org/10.1016/j.aquaculture.2012.03.012
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Experimental Diets 
	Chemical Composition of Feeds 
	Fish Rearing Conditions 
	Tissue Sampling and Calculations 
	Plasma Metabolic Parameters 
	RNA Extraction and cDNA Synthesis 
	Real Time PCR 
	Histology 
	Fourier Transform Infrared Imaging Spectroscopy (FTIRI) Measurements and Data Analysis 
	Statistical Analyses 

	Results 
	Fish Growth 
	Plasma Metabolic Parameters 
	Gene Expression 
	Histology 
	FTIRI Analysis 

	Discussion 
	Conclusions 
	References

