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Abstract

The aim of this study is to determine to what extent the addition of chitinase to black soldier fly (BSF) larval meal enriched or not with long-chain
PUFA (LC-PUFA) could improve growth, protein digestion processes and gut microbial composition in Nile tilapia. Two different types of
BSF meal were produced, in which larvae were reared on substrates formulated with vegetable culture substrate (VGS) or marine fish offal
substrate (FOS). The BSF raised on VGS was enriched in a-linolenic acid (ALA), while that raised on FOS was enriched in ALA + EPA + DHA. Six
BSF-based diets, enriched or not with chitinase, were formulated and compared with a control diet based on fishmeal and fish oil (FMFO). Two
doses (D) of chitinase from Aspergillus niger (2 gand 5 g/kg feed) were added to the BSF larval diets (VGDO and FODO) to obtain four additional
diets: VGD2, VGD5, FOD2 and FOD5. After 53 d of feeding, results showed that the BSF/FOS-based diets induced feed utilisation,
protein efficiency and digestibility, as well as growth comparable to the FMFO control diet, but better than the BSF/VGS-based diets. The
supplementation of chitinase to BSF/FOS increased in fish intestine the relative abundance of beneficial microbiota such as those of
the Bacillaceae family. The results showed that LC-PUFA-enriched BSF meal associated with chitinase could be used as an effective alternative
to fishmeal in order to improve protein digestion processes, beneficial microbiota and ultimately fish growth rate.

Keywords: Oreochromis niloticus: Hermetia illucens: Chitinase: Growth: Gut microbiota

Recently, protein meals derived from insects have attracted
attention as a new feed ingredient for aquaculture feeds due to
their potential beneficial properties in terms of growth and
health®. Among insect species, the black soldier fly (BSF,
Hermetia illucens (L. 1758)) is very interesting because these
larvae have the ability to convert food waste into high-quality
proteins'?. BSF larvae meals contain between 30 and 58 % crude

protein with a balanced profile of essential amino acids close to
that of fishmeal (FM), as well as appropriate levels of minerals
and vitamins®. A meta-analysis showed that inclusion of BSF
meal at generally moderate levels did not affect fish growth,
while incorporation at high levels > 29 % could reduce growth
compared to EM™. For example, a partial replacement of 70 % of
FM by BSF larvae meal did not affect the growth of Nile tilapia

Abbreviations: a-amy, a-amylase; ALA, a-linolenic acid; ARA, arachidonic acid; ASV, amplicon sequencing variant; BHA, butylated hydroxyanisole; BHT,

butylated hydroxyl toluene; BSF, black soldier fly; chid1, chitinase domain containing 1; ctbs, chitobiase; DADA2, deficiency of adenosine deaminase 2; elovl5,
very long elongase delta 5; FA, fatty acid; fads2, FA desaturase 2; fads6, FA desaturase delta 6; FMFO, control diet with fishmeal and fish oil; FM, fishmeal; FO, fish
oil; FOD, diet based on black soldier fly larvae meal obtained from larvae grown on fish offal substrate; FOS, fish offal substrate; LC-PUFA, long-chain PUFA;
muc2, mucin-2; pept2, solute carrier family 15 member 2; PER, protein efficiency ratio; sg/t1, sodium/glucose cotransporter 1; t7)p, trypsinogen; VGD, diet based

on black soldier fly larvae meal grown on a vegetable culture substrate; VGS, vegetable culture substrate.
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(Oreochromis niloticus (L. 1758))®, while our previous study
showed that total replacement of FM with BSF larvae meal
reduced the growth in the same fish species©.

BSF larvae meal contains SFA but is poor in PUFA and long-
chain PUFA (LC-PUFA). The lack of PUFA or LC-PUFA in BSF
larval meal limits their feeding efficiency in fish, especially when
FM and fish oil (FO) are replaced by plant ingredients®. The
PUFA deficiencies in fish diets can decrease feed intake (FI)
and reduce growth and even increase mortality. Different
approaches have been investigated to enrich BSF meal before
incorporation into fish diets. For example, BSF larvae fed with
fish offal or marine algae were enriched in EPA (C20:5) and DHA
(C22:6)®. In our previous study, none of the a-linolenic acid
(ALA)- and EPA-enriched insect meals improved the protein
efficiency ratio (PER) or protein digestibility, but decreased
growth was observed in Nile tilapia®. Similarly, protein and
amino acid digestibility was reduced in Atlantic salmon when
they were fed diets containing 60 % BSF larval meal compared
with a FM diet®. These authors attributed the low digestibility to
the presence of chitin (5:6-6-7 %) in BSF larval meals because
chitin can interfere with intestinal homoeostasis'?’. Feed
supplemented with chitin had lowered nutrient digestibility,
weight gain and feed conversion in O. niloticus x O. aureus™V.
Fish that eat insects increase the activity of enzymes such as
chitinase and chitobiase to facilitate digestion™®. A significant
increase in fish-specific growth was observed with dietary
supplementation of 10 and 20 mg/kg feed of recombinant
grouper (Epinephelus coioides) chitinasel (rgChil) protein in a
diet containing 2% shrimp shell chitin!®. The structure of
gut microbial communities, including microbial diversity, is
strongly influenced by diet ingredients, as the microbiota
responds rapidly to dietary changes'?. In addition, the bioactive
compounds present in insects can modify the complex
communities of the intestinal microbiota of the fish that consume
them. Therefore, BSF-based diets can modify the biodiversity of
the fish microbiome community structure; however, information
on the BSF actions on fish gut microbiota remains limited. It has
been shown that full-fat BSF diet induced a differential response
in Atlantic salmon presmolts resulting in gut microbiota
composition dominated by beneficial lactic acid bacteria and
Actinomyces and showed a predicted increase in mucin
degradation compared with the other diets''”. Moreover, the
consumption of BSF modulated the diversity and richness of
bacteria involved in the process of nutrition and immunity of
rainbow trout (O. mykiss)'®. The results of ref. 17 revealed that
Actinobacteria and Firmicutes were most abundant in the gut of
BSF and fish fed BSF diets, while Proteobacteria were the
dominant bacteria in the gut of fish fed FM. The gut microbiota
modulation can also affect lipid metabolism and the balance
of energy"®. It also seems that certain BSF diets do not improve
the microbiota diversity in carnivorous fish in a balanced way
but could be more beneficial in herbivore and detritivore fish
species"?.

The present study aimed to determine if the addition of
chitinase to BSF meals enriched or not in LC-PUFA could
improve growth-related parameters and gut microbiota status in
Nile tilapia. To achieve this objective, growth, feed utilisation,
PER, digestibility, digestive enzymes, expression of target genes

involved in the processes of digestive enzymes and lipid
metabolism, and gut microbiota composition were measured in
Nile tilapia juveniles fed diets based on BSF meals enriched in
PUFA/LC-PUFA with increasing doses of added chitinase.

Materials and methods
Enrichment of black soldier fly larvae meals

The BSF larval cultures and the tests of fish feeding were
carried out at the application farm of the Faculty of Agronomics
Sciences of the University of Abomey-Calavi (FSA/UAC) in
Benin. Samples were transferred to the Research Unit in
Environmental and Evolutionary Biology, Namur University,
Belgium, for biochemical, gene expression and gut microbiota
analyses. Feeding trial was carried out in agreement with the
European and Belgian national legislation on fish welfare
(protocol number: KE20/350).

The methodology of PUFA and LC-PUFA production and
enrichment in BSF larvae was reported in our previous study®.
In summary, we formulated two kinds of substrates to rear BSF
larvae. A vegetable culture substrate (VGS) composed of soyabean,
seeds and leaves of Euphorbia beterophylla, and rapeseed oil to
enrich BSF larvae (BSF/VGS) with linoleic acid (LA) and ALA. A fish
offal substrate (FOS) composed of soyabean meal and marine fish
offal to enrich BSF larvae (BSE/FOS) with FPA and DHA. The
chemical composition of the BSF larval meals produced is shown in
Table 1.

Facilities and fish

Experimental diets. Seven iso-nitrogenous (crude protein =
31-8 %) and isolipid (crude lipids =12:3-12-9 %) diets were
formulated (Tables 2 and 3). A control diet containing fishmeal
and fish oil (FMFO) was formulated. Two diets VGDO and
FODO were formulated with each type of BSF meal to
completely replace FM, and FO was replaced with palm oil.
We supplemented two doses (2 g/kg DM and 5 g/kg DM of
feed) of commerecial chitinase from Aspergillus niger (Creative
Enzymes) to the diets that contain BSF/FOS and BSF/VGS
meals to formulate the FOD2, FOD5, VGD2 and VGD5 diets.
The composition of the FOD diets formulated with BSF meal
from larvae reared on FOS substrate were all enriched in EPA
and DHA, while the VGD diets formulated with BSF meal from
larvae reared on VGS substrate were all enriched in ALA. The
plant ingredients were powdered and then cooked over heat,
and the different doses of chitinase were added, and then all
the feed ingredients were homogenised. Water was gradually
added, and the mixture passed through a semi-extruder (BD-
GP70, Henan BEDO Machinery Equipment) to produce 2 mm
granules. The pellets were dried at room temperature until
they contained no more water, before being stored at —4°C.
The fish were therefore fed the seven experimental diets
manufactured (2x 3 factorial design, with three levels of
chitinase and two different meals of BSF larvae).

Experimental design. Juvenile male sex-reversed Nile tilapia
were produced and then acclimated to experimental conditions
for 3 weeks in fibreglass tanks installed in a recirculating
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Table 1. Analysed chemical composition of black soldier fly (BSF) larvae
produced on different substrates: fish offal substrate (FOS) and vegetable
culture substrate (VGS)

BSF/ BSF/
Chemical composition FOS VGS
DM (g/kg) 358:08 36076
Ash (g/kg DM) 76-25 68-90
Crude fat (g/kg DM) 26710 329-20
Crude protein (g/kg DM) 450-80 416-00
Main fatty acid composition (% of total identified
fatty acids)
C12:0 32.00 38.94
C14:0 6-37 5.93
C16:0 16-85 7:90
C18:0 348 1.40
Total SFA 60-82 5560
C16:1 0-59 2:60
C17:1 0-88 027
C18:1n9 17-67 2213
C20:1n9 00 0-64
Total monoenes 1942 25.56
C18:2n6 (LA) 6:19 10-08
Total n-6 PUFA 6-22 10-34
C18:3n3 (ALA) 0-52 2:30
C20:3n3 091 00
C20:5n3 (EPA) 2:20 00
C22:6n3 (DHA) 0-39 00
Total n-3 PUFA 4.02 2:30
n-3:n-6 0-64 0-22

LA, linoleic acid; ALA, a-linolenic acid.

aquaculture system with mechanical and biological water
filtration systems. The fish were hand-fed until apparent satiety
three times a day at 09.00, 13.00 and 17.00 with a commercial
tilapia feed (BIOMAR).

A total of 630 fish with an average initial weight of 5-57 + 0-05
g were randomly placed in twenty-one glass tanks of 100 litres
with thirty fish per tank (three tanks per experimental diet). Each
tank was supplied with 3—4 litres/min of water by gravity at a
temperature of 31-1 + 1.7°C and dissolved oxygen of 5-48 £ 0-31
mg/l. Nitrite and ammonia levels were checked weekly and
reached a mean of 0-09 £0-05 mg/l and 0-08 +0-004 mg/I,
respectively.

Feed utilisation and growth performance. All fish were
individually weighed at the beginning and end of the experiment
to determine growth performance. Daily FI was recorded to
determine feed utilisation. The mortality was recorded daily.
Growth performance and feed utilisation were determined using
the following formulas:

Survival (%) =100 X (final number of survivors per tank/
initial number per tank)

Specific growth rate (SGR, %/day) = [In (fw)-In (iw)]/At X 100

Feed intake (FD) = FC/(N x At)

Feed efficiency (FE)=wet weight gain per fish (g)/feed
consumed per fish (g)

Protein efficiency ratio (PER)=weight gain (g)/protein
consumed (g)

where iw and fw are initial and final weights (g), Atis duration
of a trial, FC is feed consumption per tank (g), and N is number of
surviving fish per tank.

Sample collection and biochemical analysis. Onday 53, atthe
end of the feeding trial, six fish were randomly collected from
each tank and anaesthetised with MS222 (anesthesia tricaine
methanesulfonate) (Sigma-Aldrich) at a dose of 120 mg/1. The
stomach and distal intestine (from the spiral part of the intestine
to the anus) were removed and snap-frozen in liquid N, after
dissection and stored at —80°C until analysis to determine
digestive enzyme activity. The middle intestine (the spiral part of
the gut) was aseptically removed from the abdominal cavity,
placed in a sterile 1-5 ml Eppendorf tube, transferred to liquid N,
and stored at —80°C until analysis of the expression of some
genes involved in digestive enzyme and lipid metabolism
processes and the gut microbiota.

The proximal composition (moisture, ash, protein and fat) of
BSF larval meals (Table 1) and experimental diets (Table 2) used
in the trial were analysed in the laboratory according to standard
protocols described in ref. 6. To determine the moisture level, the
samples were dried in an oven at 105°C for 12 h. Ash was
analysed by incineration at 550°C in a muffle furnace for 5 h.
Crude protein content was estimated (total nitrogen X 6-25 for
feed and total nitrogen X 4-76 for BSF larvae meal) using the
Kjeldahl distillation method after digestion of samples with
sulphuric acid®’?Y. Lipids were extracted with chloroform/
methanol (2:1, v:v) using the Folch method®®. The fatty acid
(FA) composition of the feed was estimated by GC©® (Table 3).

Digestive enzyme activities. From three fish per tank (nine fish
per treatment), stomach and gut samples were homogenised ina
solution of ten volumes (v/w) of PBS (NaCl: 6 mM, NaH,PO4:
20 mM, pH 6:9). Intestinal alkaline phosphatase activity was
measured using 4-nitrophenyl phosphate as substrate in 30 mM
Na,COj3 buffer (pH 9-8)®. Intestinal aminopeptidase activity is
measured using 80 mM sodium phosphate buffer (pH 7-0) and
L-leucine p-nitroanilide as substrate (in 0-1 mM dimethylsulfox-
yde)??. Intestinal trypsin activity was measured using BAPNA
(N-a-benzoyl-dl-arginine p-nitroanilide) as substrate in 50 mM
TRIS-HCI, 20 mM CaCl,, pH 8-2 buffer®. Intestinal amylase
activity was measured using 0-3 % soluble starch dissolved in
Na,HPO, buffer pH 7-4 as substrate®, Stomach pepsin activity
was measured using 2 % Hb in 1N HCI buffer as substrate?”. The
measure of chitinase activity in the stomach was performed
using p-nitrophenyl (Sigma-Aldrich) as a substrate according to
the method described by®®, with a slight modification. Briefly, a
mixture of 19:5 ul of a 0-2 M phosphate + 0-1 M citrate buffer
solution (pH 6-0) and 7-5 pl of substrate solution was added to
7-5 pl of the gut homogenate. The mixture was incubated at
37°C for 20 min, then 200 pl of a 0-2 M sodium carbonate
solution was added to the mixture and the absorbance of
p-nitrophenol release was measured at 420 nm. The amount of
enzyme releasing 1 pmol of p-nitrophenol per minute was
defined as the chitinolytic enzyme activity unit (U). Protein
concentration was determined according to the method of ref.
29. The unit of measurement for enzyme activities is the U or
mU/mg of protein.

Gene expression analyses. Analyses of gene expression by
quantitative real-time PCR (qPCR) were performed as described
previously®”, The total RNA of the middle intestine was isolated
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Table 2. Composition of experimental diets
Diets FMFO FODO FOD2 FOD5 VGDO VGD2 VGD5
BSF prepupal meal 0 2172 2172 2172 2256 225.6 2256
Fishmeal 110 0 0 0 0 0 0
Soyabean meal 233-1 242.4 2434 246-4 242.5 242.5 245.5
Maize flour 430-5 350-3 347-3 341-3 341.8 339-8 3338
Betaine 20 20 20 20 20 20 20
Menhaden fish oil 30 0 0 0 0 0 0
Palm oil 48 387 387 387 387 387 387
Blood meal 100 100 100 100 100 100 100
Carboxymethyl cellulose 5 5 5 5 5 5 5
Mineral premix 10 10 10 10 10 10 10
Vitamin premix 10 10 10 10 10 10 10
BHT 0-2 0-2 0-2 02 0-2 02 02
BHA 0-2 0-2 0-2 02 0-2 02 02
Methionine 3 5 5 5 5 5 5
Tryptophan 0 1 1 1 1 1 1
Chitinase 0 0 2 5 0 2 5
Total 1000 1000 1000 1000 1000 1000 1000
DM (g/kg) 908-54 912.49 910-04 909-74 91144 909-65 908-77
Ash (g/kg DM) 57-62 58-44 61.98 71-06 55-81 57-56 51-65
Lipid (g/kg DM) 123 1274 1274 127-4 129.7 129.7 129.7
Protein (g/kg DM) 3184 318:2 3185 3188 3188 3187 3186
Chitin (g/kg DM) 0 109 109 10-9 11-3 1.3 11.3
Hexosamine (%) 317 357 347 352 327 363 4.16

FMFO, control diet with fishmeal (FM) and fish oil (FO); FOD, diet based on BSF larvae meal obtained from larvae grown on fish offal substrate; VGD, diet based on BSF larvae meal
grown on a vegetable culture substrate; BSF, black soldier fly; BHA, butylated hydroxyanisole; BHT, butylated hydroxyl toluene.

The number added to the name of the diet indicates the dose of chitinase (2 or 5 g/kg of feed).

The source of the ingredients used to manufacture the diets has already been described in ref. 22.

Table 3. Composition of fatty acids (% of total fatty acids identified) in experimental diets

Main fatty acid FMFO FODO FOD2 FOD5 VGDO VGD2 VGD5
C12:0 0-16 29 29 29 33.71 33.71 33.71
C14:0 2.95 5.85 5.85 5.85 5.22 522 5.22
C16:0 31.52 22.68 22.68 22.68 13-82 13-82 13-82
c18:0 4.26 0-59 0-59 0-59 2 2 2

Total SFA 38.89 58.12 58.12 58.12 54.75 54.75 54.75
c16:1n-7 3-39 0-59 0-59 0-59 2.29 2.29 2.29
C18:1n9 30-37 23.95 23.95 23.95 26-45 26.45 26-45
C20:1n-9 147 0 0 0 0-54 0-54 0-54
Total monoenes 34.93 24.54 24.54 24.54 29.28 29.28 29.28
C18:2n-6 (LA) 171 11.02 11.02 11.02 1365 1365 1365
C20:4n-6 (ARA) 0-15 0 0 0 0 0 0

Total n-6 PUFA 1725 11.02 11.02 1102 1365 1365 1365
C18:3n-3 (ALA) 0-82 0-68 0-68 0-68 2.26 2.26 2.26
C20:5n-3 (EPA) 4.64 2 2 2 0 0 0

C22:6n-3 (DHA) 3.23 0-1 0-1 0-1 0 0 0

Total n-3 PUFA 869 2.78 2.78 2.78 2.26 2.26 2.26
n-3:n-6 05 0-25 0-25 0-25 0-17 017 017

FMFO, control diet with fishmeal (FM) and fish oil (FO); FOD, diet based on black soldier fly larvae meal obtained from larvae grown on fish offal substrate; VGD, diet based on black
soldier fly larvae meal grown on a vegetable culture substrate; LA, linoleic acid; ALA, a-linolenic acid; ARA, arachidonic acid.

individually from three fish per tank (nine fish per treatment)
according to the manufacturer’s instructions. To determine
gene expression levels, the qPCR efficiency of each gene was
tested before analysing. As a housekeeping gene, 185 was
chosen as it exhibited the most stable expression between
samples (compared with f-actin). The expressions of enzy-
matic genes such as chidl (chitinase domain containing 1),
endochitinase A, ctbs (chitobiase), pept2 (solute carrier family
15 member 2), tryp (trypsinogen), a-amy (a-amylase), apoal
(apo A-1), sgitl (sodium/glucose cotransporter 1), muc2
(mucin-2) and those of lipid metabolism such as fads2 (FA

desaturase 2), fads6 (FA desaturase delta 6) and elovl5 (very
long elongase delta 5) were determined in the intestine tissues.
Specific primers were designed on Primer3 software, and their
quality was double-checked on Amplifix software with reference
to tilapia sequences published on Genbank (Table 4). For each
sample, the relative expression of the target or reference
genes was obtained by the standard curve method previously
described in ref. 30. The values for each sample were then
expressed as normalised relative expression (NRE), deter-
mined by the formula NRE =relative concentration of target
gene/relative concentration of reference gene. The average of
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Table 4. Primer sequences used for the analysis of the expression of certain genes related to Nile tilapia

Gene

Protein

Primer sequence (5’-3’)

Reference

Enzymatic genes
chid1

endochitinase A
ctbs

pept2

tryp

a-amy

apoat

sglt1

muc2

Fatty acid biosynthesis genes
fads2

fads6
elovl5

Housekeeping genes
188

Chitinase domain containing 1
Endochitinase A

Chitobiase

Solute carrier family 15 member 2

Trypsinogen

a-Amylase

Apo A-1

Sodium/glucose cotransporter 1

Mucin-2

Fatty acid desaturase 2
Fatty acid desaturase 6

Elovl fatty acid elongase 5

Fw:5’-TTACGGGACTCCACGATCAC-3’
Rv:5’-TTTGCAACATCCACCAGCTC-3’
Fw:5'-GGCCATCTACCACATCTACC-3’
Rv:5’-CTATTGGTGCAGCAGGAAGAC-3’
Fw:5’-TCTCCGTCAGACACTCGATG-3’
Rv:5’-TGACATCGAGCTGTTGACCT-3’
Fw:5'-AAAACGAAGACGGGAATCCA-3’
Rv:5'-AGGTTAAGTTTAGAGGTCTTCCCT-3'
Fw:5’-AGTGCGCAAAGAACTCTGTG-3’
Rv:5'-AATGTTGTGCTCACCAAGGC-3’
Fw:5'-TGGCGTTGGGCTGACATTGC-3’
Rv:5’-TTCCTGTTCCACCACCAGATCC-3’
Fw:5’-TGGCTCTAGCTCTCACCCTTC-3’
Rv:5'-CTGAGCCAGGATGACCTTGAACT-3'
Fw:5'-CATCGCGTATCCGAAACTGG-3’
Rv:5'-CTCTGCCAGCAATCATGAGTT-3'
Fw:5'-AGAAAGGATGATGCAAGCCCT-3’
Rv:5'-ACGGCAAAGTGATACTCTGCATAT-3’

Fw:5'-CTGGTCATCGATCGAAAGGT-3’
Rv:5’-GCGGCTTCAGAAACTTATGC-3’
Fw:5'-GCGGGAAAGCTAAAGGTGTT-3’
Rv:5’-TGGCATCCTCTCCAGCATAG-3’
Fw:5'-GATCACGTTCCTGCACCTCT-3’
Rv:5’-GCTGAGAGGCCATAGTACGA-3’

Fw:5'-GGCAACCAACGGTAAAACAA-3’
Rv:5'-AGCTAGCTGCGTTCTTCATTG-3’

XM_003440467-5
XM_025898547-1
XM_003452536-5
XM_005475385-4
AY510093-1
ENSONIG00000018530
XM_003449328-3
XM_019361133-1

XM_025902524-1

XM_005470633-4
XM_025909732-1

NM_001279460-1

DQ397879-1

the values of two fish per tank was calculated and considered
as the experimental unit.

Analysis of the intestinal microbiota

16S rDNA amplicon sequencing. The gut microbiota of all
samples (midgut) was determined simultaneously for all samples
using the following steps: DNA extraction, PCR, sequencing and
post-sequencing analysis (see protocol description in ref. 31). As
required, strict laboratory controls were performed to avoid
contamination from PCR reagents and laboratory equipments.

Methods of 16S rRNA sequence analysis. Raw sequences
were processed using the DADA2 (deficiency of adenosine
deaminase 2) pipeline in R®?. Forward and reverse reads were
separately quality-trimmed and primer sequences removed.
DADA2 was used to correct for sequencing errors, infer
‘amplicon sequencing variants’ (ASV) from both forward reads
and reverse reads separately, and merge the forward and reverse
ASV to construct the full target amplicon (based on an overlap of
at least fifty nucleotides). DADA2 was used to remove chimeric
ASV and also to assign taxonomy to the inferred ASV using the
naive Bayesian classifier method with the SILVA SSU rRNA
database (version 138) as a training dataset®. From the raw
sequences, 2037 ASV were inferred after processing with
DADA2. The outputs of the DADA2 package were a FASTA
file containing the DNA sequence of each ASV, a count table
showing the abundance of each ASV in every sample and a
taxonomic table showing the taxonomic classification of each
ASV. The inferred ASV were aligned using MUSCLE, and a
maximum likelihood tree was calculated in MEGA X®%. The

sequencing raw data was deposited in the NCBI (National Center
for Biotechnology Information) Sequence Read Archive data-
base (accession: PRINA826320).

Digestibility test. A digestibility assay was carried out on
the same fish used for the growth test, 3 weeks after feeding
with the different diets. Chromium oxide (Sigma-Aldrich) was
introduced into the fish diet as an inert marker at a level of 1%
(Cr;03, 10 g/kg) relative to the previous formulation and fed to
the fish under the same conditions as the growth experiment.
The protocol for collecting faeces and determining chromium
oxide concentrations in diets and faeces were described
according to ref. 35 and reported in ref. 6.

Statistical analyses

Mean values and standard deviation (sD, 7 3) of the tanks were
used as experimental units for statistical analyses. Data were
tested for homogeneity and normality of the variances using the
Shapiro-Wilk and Bartlett tests, respectively. The heterogeneous
or non-normally distributed data and percentage values were
log-transformed before analyses. A two-way ANOVA (using
substrate for larval culture and chitinase dose as factors) was
applied to the data collected (Table 8), followed by Dunnett’s
test to compare each of the treatment means with the control
means. In the statistical analysis tests used, P < 0-05 or P < 0-01 or
P<0-001 were considered statistically significant. Significant
differences between means showing effects of BSF larval
production substrate (FO; VG) are indicated by capital letters A,
B and C above the graphs, and effects of the dose of chitinase
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Fig. 1. Growth performance and feed utilisation of juvenile Nile tilapia fed different experimental diets for 53 d. (a) Specific growth rate (SGR), (b) final body weight
(FBW), (c) feed efficiency and (d) protein efficiency ratio. Data are expressed as mean + sb, n 3. Significant differences between means are represented by letters
indicating an overall effect of substrate production in black soldier fly larvae FO; VG ((a), (b), (c) above the graph), or a dose effect of chitinase DO, D2 and D5
((a), (b), (c) in front of the legend) or an interaction effect of substrate and chitinase dose ((a), (b), (c) above the bars) (P < 0-05). FMFO, control diet with fishmeal

and fish oil.

DO, D2 and D5 are also represented by capital letters A, Band C
in front of the figure legends. When there is an interaction
effect between BSF larval production substrate and the dose of
chitinase in the diet, ANOVAl has been performed and
significant differences are represented by lower-case letters
a, band c above the bars of the graphs. Statistical analyses were
performed using R 3.03 software.

Statistical analysis of the microbiota of each gut sample
was performed in R using the phyloseq and microbiome
R packages®®. a-Diversity measures (Shannon diversity and
Chaol richness) were calculated from the untransformed ASV
counts per sample. To test the effect of the fish diet on the
a-diversity of the gut microbiome, a two-way ANOVA was
performed on calculated a diversity measures using GraphPad
Prism version 9.1 for Mac (GraphPad software).

The differences in microbiome composition (B-diversity)
between the different gut samples were also tested. The
weighted UniFrac distances were calculated using log-trans-
formed abundance data (using the maximum likelihood tree
obtained from all inferred ASV), and a principal coordinate
analysis was used to plot the calculated p-diversity between the
gut samples. To determine if the microbiome was statistically
different between diet groups, we used the R package ‘vegan’.
We tested for homogeneity of within-group dispersion (beta-
disper function), and a PERMANOVA (permutational multivari-
ate analysis of variance) analysis was performed with the adonis
function with diet as the variable.

The taxa contributing most to the observed differences in
microbiomes between fish fed different diets were determined
using the linear discriminant analysis (LDA) effect size (LEfSe)
algorithm®”. This algorithm determines differentially abundant
taxa between gut samples from fish fed different diets using the
non-parametric factorial Kruskal-Wallis rank-sum test (a = 0-05,
all-against-all comparison for multi-class analysis) followed
by a LDA to estimate the effect size of each differentially
abundant taxon. From this dataset, a cladogram was created that
indicates the taxonomy of each differentially abundant feature.
Furthermore, the Log10 LDA scores of the differentially abundant
taxa for each diet group were calculated and plotted.

Additionally, the relative abundances of phyla and families were
calculated with the microbiome R package. The threshold for ASV
was 0-5 % relative abundance and present in 50 % of the samples.

Results

Growth performance, feed utilisation and nutrient
digestibility

Figure 1 shows feed utilisation and growth data for fish fed BSF
larval meal with or without chitinase. After 53 d of feeding, the
BSE/FOS diets induced comparable growth (SGR) to the FMFO
control diet, but better than the BSF/VGS diets (P<0-05)
(Fig. 1(a)). Similar to growth, the FE and PER were higher in fish
fed BSF/FOS diets than in those fed BSF/VGS diets (P < 0-05)
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Table 5. Growth performance, feed utilisation of juvenile Nile tilapia fed different experimental diets for 53 d

FMFO FODO FOD2 FOD5 VGDO VGD2 VGD5
Parameters Mean sD Mean sD Mean SD Mean sD Mean sbD Mean SsD Mean sD
Survival (%) 88-88 1.92 82.22 5-09 93-33 8-82 91-11 1.92 84-44 6-94 90-00 5.77 85-55 1.92
Initial body weight (g) 5-59 0-02 550 0-08 5.54 0-02 5-65 0-04 554 0-06 5-61 0-02 558  0-02

Feed intake (FI, g/fish/d) 063 005 0-63 0-08 0-59 0-06 0-61 0-09 0-55 0-03 0-58 0-06 053 002

FMFO, control diet with fishmeal (FM) and fish oil (FO); FOD, diet based on black soldier fly larvae meal obtained from larvae grown on fish offal substrate; VGD, diet based on black
soldier fly larvae meal grown on a vegetable culture substrate.

The number added to the name of the diet indicates the dose of chitinase (2 or 5 g/kg of feed).

Mean + sp, n 3.

Table 6. Digestive enzyme activities and apparent digestibility coefficients of lipid (ADC lipid) of juvenile Nile tilapia fed experimental diets for 53 d

FMFO FODO FOD2 FOD5 VGDO VGD2 VGD5
Parameters Mean sD Mean sb Mean sb Mean sD Mean sb Mean sb Mean sD
Intestine alkaline phosphatase activity 3597 1341 42.32 252 31.69 819 3041 1127 4646 573 3920 90 3255 1.79

(mU mg.protein~)
Stomach chitinase activity (mU mg.protein-') 394 195 467 168 324 222 269 093 560 152 287 1.01 4.88 1-64
ADC (ipid) (%) 9575 023 8872 1.73 9026 493 8952 256 9169 298 9221 378 9031 7.50

ADC, apparent digestibility coefficient; FMFO, control diet with fishmeal (FM) and fish oil (FO); FOD, diet based on black soldier fly larvae meal obtained from larvae grown on fish offal
substrate; VGD, diet based on black soldier fly larvae meal grown on a vegetable culture substrate.

The number added to the name of the diet indicates the dose of chitinase (2 or 5 g/kg of feed).

Mean +sp, n 3.
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Fig. 2. Apparent digestibility coefficients (ADC) of nutrients in juvenile Nile tilapia fed the different experimental diets for 53 d. (a) ADC DM and (b) ADC protein. Data are
expressed as mean + sp, n 3. Significant differences between means are represented by letters indicating an overall effect of substrate production in black soldier fly
larvae FO; VG ((a), (b), (c) above the graph), or a dose effect of chitinase DO, D2 and D5 ((a), (b), (c) in front of the legend) or an interaction effect of substrate and chitinase
dose ((a), (b), (c) above the bars) (P < 0-05). FMFO, control diet with fishmeal and fish oil.

(Fig. 1(c) and (d)). The dietary chitinase had no effect on growth
or feed utilisation in fish. However, there was no significant
difference in FI and survival rate (82:2-93-3 %) of the different
diets (Table 5).

Apparent digestibility coefficient of dry matter (ADCpyy)
values were high and comparable between fish receiving the
FMFO control diet and fish receiving the different BSF meal diets,
except for a decrease induced by the VGD5 and FOD2 diet
(P <0-:05) (Fig. 2(a)). Similar to growth and feed utilisation, the
BSF/FOS led to higher apparent digestibility coefficient of
protein (ADCprotein) values than the BSF/VGS. Thus, the
ADCprotein of fish fed the BSF/FOS diets was comparable to that
of fish fed the FMFO control diet (< 0-05) (Fig. 2(b)). The
addition of chitinase to the diets did not affect fish protein
digestibility. The apparent digestibility coefticient of lipid (ADC

lipid) values were high and did not differ between fish fed the
different diets (Table 6).

Activities of digestive enzymes

The activities of the digestive enzymes are shown in Fig. 3(a)—-(d)
and Table 6. The BSF meal did not affect the activity level of the
digestive enzymes tested regardless of the substrate, except for a
reduction in the trypsin activity level (Fig. 3(a), P < 0-001). The
low dose of dietary chitinase prevented this reduction, but not
the high dose.

Therefore, trypsin values were significantly higher in fish fed
the FMFO control diet than in those fed the VGDO, FODO, VGD5
and FODS5 diets, but comparable between those fed the FMFO
control diet and those fed the low chitinase dose diets VGD2 and
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Fig. 3. Digestive enzyme activities of juvenile Nile tilapia fed experimental diets for 53 d. (a) Intestine trypsin activity, (b) intestine amylase activity, (c) stomach pepsin
activity and (d) intestine aminopeptidase activity. Data are expressed as mean + sb, n 3. Significant differences between means are represented by letters indicating an
overall effect of substrate production in black soldier fly larvae FO; VG ((a), (b), (c) above the graph), or a dose effect of chitinase DO, D2 and D5 ((a), (b), (c) in front of the
legend) or an interaction effect of substrate and chitinase dose ((a), (b), (c) above the bars) (P < 0-05). FMFO, control diet with fishmeal and fish oil.

FOD2. Therefore, trypsin values were significantly higher in fish
fed the FMFO control diet than in those fed the VGDO, FODO,
VGD5 and FODS5 diets, but comparable between those fed the
FMFO control diet and those fed the low chitinase dose diets
VGD2 and FOD2. The low dose of dietary chitinase in the diets
also increased amylase activity in the gut of fish compared with
those fed the diets without chitinase (P < 0-01) (Fig. 3(b)). The
addition of the high dose of chitinase reduced the activity level of
some digestive enzymes. Pepsin activity was significantly higher
in fish fed without chitinase (VGDO or FODO0) than in those fed
with dietary chitinase (2 < 0-001) but was comparable between
those fed without chitinase and the FMFO control diet (Fig. 3(c)).
Therefore, the addition of chitinase to the FMFO diets
reduced pepsin activity in the fish stomach (Fig. 1(c).
Similarly, aminopeptidase activity in the gut of fish fed BSF
without chitinase was comparable to those fed the FMFO control
diet, but the addition of chitinase to BSF-based diets reduced
aminopeptidase activity in fish (P < 0-001) (Fig. 3(d)). Values for
alkaline phosphatase activity in the intestine and chitinase
activity in the stomach were not affected by either the type of BSF
meal or the dietary chitinase dose (Table 6).

Relative expression of enzymatic and lipid metabolism
genes

The BSF meal in the fish feed increased chid1 gene expression
compared with the FMFO control diet (Fig. 4(a), P < 0-01). The

combination of dietary chitinase with BSF/FOS increased chid1
gene expression in fish fed the FOD2 and FOD5 diets compared
with those fed without dietary chitinase (FODO0). Only the high
dose of chitinase in the BSF-based diets increased the relative
expression of the endochitinase A gene and the a-amy gene in
fish compared with the other diets (P < 0-05, Fig. 4(b) and (e)).
On the other hand, it was the low dose of chitinase in the BSF-
based diets that increased ctbs gene expression in fish compared
with the other diets (P < 0-05, Fig. 4(c)). A significant decrease in
tryp gene expression was observed in BSF-fed fish compared with
the FMFO control (P < 0-001, Fig. 4(d)). In contrast, an increase in
muc2 gene expression was observed in fish fed BSF meal-based
diets compared with the FMFO control (P < 0-01, Fig. 4(f). The
relative expressions of pept2, apoaland sgltl genes were not
affected by either BSF type or dietary chitinase (Table 7). An
increase in relative elovl5 gene expression was observed in fish
fed BSF-based diets compared with the FMFO control, and this
increase was more accentuated in fish fed BSF/VGS than BSF/FOS
(P<0-05) (Fig. 4(g). The relative expressions of other lipid
metabolism genes such as fads2 and fads6 were not affected by
either the BSF type or dietary chitinase (Table 7).

Diversity and taxonomic composition of the gut
microbiota

The a diversity indices (Shannon and Chaol index, indicating the
number of microbial species per sample) of the gut microbiota
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Fig. 4. The relative expression levels of enzymatic genes (a) chid1, (b) endochitinase A, (c) ctbs, (d) tryp (e) a-amy, (f) muc2 and (g) elovi5 of Nile tilapia juveniles fed
experimental diets for 53 d. Data are expressed as mean + sb, n 3. Significant differences between means are represented by letters indicating an overall effect of
substrate production in black soldier fly larvae FO; VG ((a), (b), (c) above the graph), or a dose effect of chitinase DO, D2 and D5 ((a), (b), (c) in front of the legend) or an
interaction effect of substrate and chitinase dose ((a), (b), (c) above the bars) (P < 0-05). FMFO, control diet with fishmeal and fish oil.

communities were not affected by either BSF type or dietary
chitinase (Fig. 5(a) and (b)). The f-diversity (based on Bray—
Curtis dissimilarity ordination) showed that microbiome
composition was significantly affected by BSF type (P=0-001;
R2 =0-09) and chitinase dose (P = 0-045; R2 = 0-04) (Fig. 5(c)). The
phyla Verrucomicrobiota (Parachlamydiaceae, Chlamydiaceae),
Firmicutes (Bacillaceae, Streptococcaceae), Proteobacteria
(Comamonadaceae, Legionellaceae) and Desulfobacterota
(Desulfovibrionaceae) were identified in all fish groups
(Fig. 5(a) and (b)).

The BSF/FOS associated with dietary chitinase increased the
relative abundance of Firmicutes (Amphibacillus, Bacillus
and Tepidimicrobium) in fish fed the FOD2 diet compared with
all other diets (Fig. 5(d)). Moreover, the FOD2 diet decreased
Proteobacteria in these fish compared with all other diets
(Fig. 5(d). The fish fed the diet without chitinase FODO did not
have distinctive bacterial genera compared with the other diets
(Fig. 5(H). The BSF/VGS increased the differential abundance per
diet of Firmicutes (Streptococcus, Ureaplasma) in fish fed the
VGDO diet, Firmicutes (Pseudogracilibacillus) in fish fed the
VGD?2 diet and Proteobacteria (Xanthomonadaceae) in those
fed the VGD5 diet compared with the other diets (Fig. 5(f)
and (g)). The FMFO control diet increased the differential
abundance per diet of some Firmicutes (Cerasibacillus,
Domibacillus, Lysinibacillus and Kroppenstedtia) in fish
compared with the other diets (Fig. 5(f) and (g)).

Discussion

Effects of enrichment of black soldier fly with long-chain
PUFA and/or dietary chitinase on growth, feed utilisation
and digestive features

All groups of fish had a high survival rate, and the type of larval
rearing substrate or the dose of chitinase added to the diet did not
affect the survival. After 53 d of feeding, the BSF/FOS-based diets
induced better FE, PER and growth than the BSF/VGS-based
ones, indicating a better stimulation of growth processes by LC-
PUFA enrichment compared with PUFA alone. In salmonids
such as rainbow trout, a DHA-enriched diet has been reported to
improve juvenile growth performance compared with an LA-
enriched diet®®. To explain this, these authors hypothesised that
the intestinal membranes of fish fed the DHA-enriched diet
were more flexible and fluid and their thickness was reduced
compared with those fed the LA-enriched diet. Similarly, in our
study, the membranes of tilapia fed a diet enriched with LC-PUFA
could be thinner, more flexible and more fluid than those of fish
fed an ALA-enriched diet. The significant decrease in growth of
fish fed BSF/VGS-based diets compared with BSF/FOS-based
diets could be explained by the lack of EPA 4+ DHA and the high
composition of saturated, MUFA and LA + ALA in the BSF/VGS-
based diets. It has already been reported that lipids in fish feed
can be used to spare proteins in order to maximise their use for
growth and improve the PER®. In our study, a balanced diet
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Table 7. Relative expression levels to 18S of enzymatic genes and genes involved in FA biosynthesis in juvenile Nile tilapia fed experimental diets for 53 d

FMFO FODO FOD2 FOD5 VGDO VGD2 VGD5
Parameters Mean sD Mean sD Mean sD Mean sD Mean sD Mean sD Mean sD
pept2 1.54 0-65 0-85 0-27 113 0-63 0-51 0-28 091 0-60 1.09 0-49 0-21 013
sglt1 1.43 1.03 1.06 0-66 1.45 0-56 213 1.24 1.93 113 241 1.16 1.00 0-38
apoat 1.06 045 1.05 1-01 0-62 0-65 1-00 075 1.52 1-41 1.42 1.06 1.79 0-07
fads2 0-86 0-10 2.08 1.39 1-20 0-81 1-69 091 2.31 1.02 1.89 0-71 0-99 0-63
fads6 070 05 0-88 0-70 0-71 0-48 0-63 0-60 1.48 0-51 0-76 0-20 0-76 017

FA, fatty acid; FMFO, control diet with fishmeal (FM) and fish oil (FO); FOD, diet based on black soldier fly larvae meal obtained from larvae grown on fish offal substrate; VGD, diet
based on black soldier fly larvae meal grown on a vegetable culture substrate.

The number added to the name of the diet indicates the dose of chitinase (2 or 5 g/kg of feed).

Mean + sp, n 3.
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Fig. 5. The gut microbiota of juvenile Nile tilapia fed with fishmeal (FM) and fish oil (FO) or black soldier fly (BSF) meals enriched or not with long-chain (LC)-PUFA and
supplemented with chitinase for 53 d: (a) a-Diversity indices (Shannon index) and (b) Chao1 a diversity of bacterial communities, and (c) the g-diversity (based on Bray—
Curtis dissimilarity ordination). (d) The average relative abundance represented at the phylum level and (e) the average relative abundance represented at the family
level. (f) Cladogram showing significantly abundant taxonomic groups identified based on linear discriminant analysis effect size (LEfSe) analysis (P < 0-05). ASV are
coloured according to their taxonomic classification, and amplicon sequencing variants (ASV) without any assignment are shown in yellow. (g) LEfSe analysis shows
distinctive genera of bacteria for each diet (mean + sb, n9). FMFO, control diet with fishmeal and fish oil; FOD, diet based on black soldier fly larvae meal obtained from
larvae grown on fish offal substrate; VGD, diet based on black soldier fly larvae meal grown on a vegetable culture substrate.

containing PUFA and LC-PUFA might have stimulated the
protein-sparing process and thus overall dietary feed utilisation
in fish compared with diets containing only PUFA. The LC-PUFA
contained in the BSF/FOS meal induced a better digestibility of
the proteins in these diets and consequently improved feed
utilisation and growth of these fish.

Chitinase in different BSF diets would have hydrolysed the
p-1,4 glycosidic linkages between the constituent monosac-
charid residues present in the chitin polysaccharide chains
into trimers, dimers and monomers of N-acetylglucos-
amine?. The release of these monosaccharides from the
chitin chain would increase intestinal amylase activity in fish
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Fig. 5. (Continued)

fed BSF-based diets containing the low-dose chitinase
compared with diets without chitinase.

The addition of chitinase to BSF-based diets decreased pepsin
and aminopeptidase activities in fish regardless of the type of BSF
meal. The products of chitin decomposition by chitinase such as

Caption text.

chitosan, can, at high levels, inhibit pepsin activity. Similar results
were obtained when pepsin solutions from porcine gastric
mucosa were added to buffers with different concentrations
of chitosan from shrimp shells and a concentration of chitosan
> 10 g/l inhibited the activity of pepsin in vitro“?.
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Bacteria.Firmicutes.Clostrid [..Jreptococcales_Tissierellales
Bacteria.Firmicutes.Clostrid [..]Jtococcales_Tissierellales_fa
Bacteria.Firmicutes.Bacilli. Lactobacillales.Leuconostocaceae
Bacteria.Firmicutes.Clostridia

Bacteria.Firmicutes.Clostrid [..]Jerellales_fa.Tepidimicrobium
Bacteria.Firmicutes.Bacilli. [..]s.Leuconostocaceae.Weissella
Bacteria.Firmicutes.Bacilli. [..]Jes.Bacillaceae.Amphibacillus
Bacteria.Firmicutes.Bacilli. [..]tales. Thermoactinomycetaceae
Bacteria.Firmicutes.Bacilli. Thermoactinomycetales
Bacteria.Firmicutes.Bacilli. [..]inomycetaceae.kroppenstedtia
Bacteria.Firmicutes.Bacilli. [..]s.Bacillaceae.Cerasibacillus
Bacteria.Firmicutes.Bacilli. [..].Planococcaceae.Domibacillus
Bacteria.Firmicutes.Bacilli. [..]lanococcaceae.Lysinibacillus

LDA SCORE (log 10)

Fig. 5. (Continued)
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Table 8. P-values of the two factors dose of chitinase (D) and substrate for
BSF larvae production (sub) and their interaction (dose x sub)

Experimental factor

Variables Dose Sub Dose x Sub
Growth performance and feed
utilisation
Survival (%) 0-05 0-644 0-445
Initial body weight (g) 0-073 0-807 0-118
Final body weight (g) 059 < 0-001 0-009
Specific growth rate (SGR, % d~") 0958 < 0-001 0-056
Feed intake (Fl, g/fish/d) 0-874 0-101 0-589
Feed efficiency (FE) 042 <001 0-21
Protein efficiency ratio (PER) 042 <0.01 0-21
Apparent digestibility coefficients
(ADC)
ADC(DM) (%) 0-002 0-001 0-0004
ADC(Protein) (%) 0-305 0-002 0173
ADC(Lipid) (%) 0-612 0-127 0-897
Digestive enzyme activities
Amylase activity 0-004 0-628 0-687
Pepsin activity < 0-001 0-563 0-542
Trypsin activity 0-001 < 0-001 0-03
Aminopeptidase activity < 0-001 0-975 0-06
Alkaline phosphatase activity 0-101 0-224 0-857
Chitinase activity 0174 0-316 0418
Expression of enzymatic genes
endochinase A 0.02 017 0-289
ctbs 0-03 0-04 0-109
chid1 0-001 0-009 0-03
pept2 0-019 0174 0-795
tryp 0-05 0-0002 0-99
a-amy 0-02 0-278 0-679
sglt1 0-642 0-868 0127
apoatl 0-766 0-266 0-937
muc2 0171 0-008 0-71
Expression of lipid metabolism genes
fads2 0-677 0-133 0-399
fads6 0-395 0-239 0-584
elovl5 0-002 0-042 0-588

BSF, black soldier fly.
When P < 0.-05, the statistical differences between regimens for each factor are placed
in the tables and figures showing the parameters concerned.

In the present study, chitinase was observed to be active in
the stomach of tilapia, although there was no significant
difference between the different diets. A previous study revealed
chitinase activity in the digestive tract of O. mniloticus“?.
Chitinase facilitates the enzymatic breakdown of chitin into its
monomer GlcNac, which is then absorbed and used as an energy
source™. For complete degradation, the chitinolytic system
must be complete, that is, sufficient endochitinase and
exochitinase must be present?. The breakdown of chitinase
occurs in two consecutive steps: first, the hydrolysis into
oligomers (mainly dimers) by endochitinase and then the
degradation of these oligomers into free N-acetylglucosamine by

exochitinase?,

Influence of the enrichment of black soldier fly and
dietary chitinase on the relative expression of enzymatic
and lipid metabolism genes

In all diets, the BSF meal increased chid1 gene expression in fish
compared with the FMFO control diet, and the combination of

dietary chitinase with BSF/FOS increased chid1 gene expression
in fish fed the FOD2 and FOD5 diets compared with those
fed without dietary chitinase (FODO0). Although chitinolytic
activity did not differ in the stomachs of fish fed the different
diets, dietary chitinase increased ctbs and endochitinase. Gene
expression in fish fed the BSF meal-based diets allows these fish
to better digest chitin. Other studies have shown that replacing
50 % of FM with BSF meal in the diet of zebrafish (Danio rerio)
for 6 months increased the expression of chitinase genes chia.3
and chia.5 in fish compared with the control without BSF“9, A
significant decrease in #7)p gene expression was observed in fish
fed BSF compared with the FMFO control. The decrease in
expression of this gene could explain the decrease in trypsin
activity in the intestine of these fish. In this study, a trend of
increased muc2 gene was observed in fish fed the BSF-based
diets and especially in those fed the VGDO diet. BSF/VGS had
increased the number of goblet cells in the proximal intestine of
the fish (30). This result is consistent with previous studies that
reported that BSF supplementation in the diet of barramundi
(Lates calcarifer) improved the barrier functions of the skin
mucosa; an increase in acid mucins can produce mucus that
facilitates many biological activities to prevent colonisation
of infectious micro-organisms“?. The relative expressions of
apoal and sgit1 genes were not affected by the type of BSF or
dietary chitinase. These results showed that BSF and chitinase in
the fish diet did not interfere with the production of apo A-1 and
sodium/glucose cotransporter 1.

An increase in relative elovl5 gene expression was observed
in fish fed BSF-based diets compared with the FMFO control, and
this increase was more accentuated in fish fed BSF/VGS than
BSF/FOS. The 1-3/n-6 ratio was higher in the FMFO control diet
than in the other BSF-based diets. Moreover, this ratio was lower
in the BSF/VGD diets compared with the BSF/FOD diets and the
FMFO control. Fish consuming this diet need to elongate more
carbon chains to produce enough LC-PUFA from PUFA, which
could explain the high expression of the elov/5 gene in fish fed
the VGD2 diet. This confirms our previous studies that showed
that Nile tilapia juveniles fed a BSF/VGD diet had increased
elovl5 expression®,

Influence of the enrichment of black soldier fly and
dietary chitinase on the gut microbiota

In this study, the phylum Verrucomicrobiota, Firmicutes and
Proteobacteria were identified in all fish. The gut microbiota of
different fish species often consists to 94% of the phyla
Actinobacteriota, Bacteroidota, Firmicutes and Proteobacteria
regardless of diet“"®. Verrucomicrobiota in the fish gut would
come from the water™”’ because the fish are constantly drinking
tank water. The a diversity indices (Shannon and Chaol indices,
indicating the number of microbial ASV per sample) of the gut
microbiota communities were not different between the different
diets. Fish were reared in an aquaculture recirculation system,
which could explain the lack of difference in ASV richness. In
addition, feeds are prepared from the same ingredients except for
BSF meals. The gut microbiota of fish could partly be derived from
the diet, but the specific composition of the diet could also
modulate the microbiome®. In teleost fish, approximately 90 %
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of the gut microbiota is composed of Bacteroidetes, Firmicutes
and Proteobacteria®®. The most abundant phyla found in
Nile tilapia were Actinobacteria, Bacteroidetes, Cyanobacteria,
Firmicutes, Fusobacteria and Proteobacteria™®®. BSF/FOS com-
bined with the low dose of dietary chitinase increased the relative
abundance of multiple Firmicutes species and decreased
Proteobacteria in fish fed the FOD2 diet compared with any
other diet. Proteobacteria include several bacterial species that
are potentially pathogenic to fish®”, and the phylum Firmicutes
contains bacteria that are beneficial to fish®?. When rainbow trout
were fed BSF meal, an increase in bacteria such as Acinetobacter,
Actinobacteriota, Actinomyces, Bacillaceae, Brevibacterium,
Corynebacterium, Firmicutes, Lactobacillales, Oceanobacillus,
Staphylococcus and a decrease in Proteobacteria was observed in
the gut microbiota of the fish compared with those fed the control
diet®®. The Firmicutes such as Lactobacillus, which was
abundant in fish fed the FOD5 diet, are beneficial gut microbes
because of their ability to improve digestibility, mucosal tolerance,
immune response and disease resistance in the host®®. These
bacteria are known for the production of bactericidal compounds
and lactic acid which can prevent the colonisation of pathogens
on the surface of the gut®® and even prevent or repair gut damage
caused by anti-nutritional factors contained in vegetable-based
ingredients like soyabean meal in fish diet>®. The presence of
Lactobacillus in fish fed the FOD5 diet could also explain the
beneficial effects of this diet on digestibility, growth, intestinal
health and better innate immune defence of these fish after being
exposed to E. coli lipopolysaccharide®”. Moreover, many species
of bacteria belonging to the Bacillaceae family can produce
chitinase®®. In this study BSF/FOS combined with a low dose of
chitinase promoted the abundance of Bacillus in fish fed the
FOD2 diet. Furthermore, previous studies in Atlantic salmon and
Atlantic cod (Gadus morbua L.) have shown that BSF larval meal
can act as a substrate and selectively promote the multiplication
of certain chitinolytic bacteria such as Lactobacillaceae and
Bacillaceae in the fish gut!.

In the present study, LEfSe analysis showed more of the
distinct bacterial genera of the phylum Firmicutes in fish fed
BSF/FOS combined with chitinase (FOD2 and FOD5) than those
fed the BSF/VGS-based diets (Fig. 5(g)). The presence of a
greater number of distinct bacterial genera of the phylum
Firmicutes in these fish could explain the better intestinal health
of fish fed FOD5 compared with those fed VGDO or VGD35%?,
It is thought that species-rich communities may provide
additional metabolic capabilities to the host® and compete
with pathogens for nutrients and colonisation®”. For example,
to reduce pathogen adhesion, Lactobacillus can create a biofilm
in the gut®. In the present study, fish fed the FOD2 diet had
more distinctive genera of bacteria than the FMFO control. The
n-3/n-6 ratio was 0-5 in the FMFO diet, 0-25 in the FOD2 diet and
0-17 in the BSF/VGS diets. Distinctive genera in the FOD2 diet
included the genus Weissella, which have been reported among
FA bioconversion bacteria®”. Previous studies have reported
that changes in the 7-3 PUFA content of the diet have altered the
p-diversity (i.e. microbial composition) of gut bacteria. Indeed,
an increase in the ratio of Firmicutes: Proteobacteria was
observed, including the genera Leuconostoc, Streptococcus and
Weissella in the fish gut when the FO was replaced by the

vegetable oil in the feed®”. The low levels of 72-3 FA in the diet of
fish can be compensated by an increase in the abundance of
FA-producing bacteria in the gut®. Our study does not seem
to confirm this compensation for low levels of 7-3 FA because
FA-producing bacteria were not abundant in fish fed with ALA-
enriched BSF/VGS compared with those fed with ALA + EPA-
enriched BSEF/FOD. The fact that BSF/VGS-based diets with the
lowest 7-3/n-6 ratio and lacking EPA and DHA have a low
relative abundance of bacteria could suggest that there should be
a minimum amount of LC-PUFA in the diet to promote the
abundance of FA-producing bacteria.

Regarding other possible questions related to this study, we
recall that results on intestinal histopathology and immune
responses before and after an Escherichia coli lipopolysaccha-
ride challenge have been reported elsewhere®?.

In summary, the results of the present study showed that
chitinase supplementation to a BSF-based diet enriched with
LC-PUFA improved PER and digestibility, FE, and growth in Nile
tilapia. The BSF/VGS and BSF/FOS meals associated or not
with dietary chitinase differentially modulated the gut microbial
composition of fish. The BSF/FOS meal associated with low-
dose chitinase decreased the abundance of Proteobacteria in
the fish gut, some of which are responsible for diseases, and
increased the abundance of Firmicutes, some of which are
responsible for FA bioconversion and others for chitin digestion.
Overall, the results showed that BSF meal enriched with LC-
PUFA and optimal dose of chitinase could be used in aquaculture
feeds as an effective alternative to FM.

Acknowledgements

The authors thank the ‘Academie de Recherche et d’Enseignement
Supérieur’ (ARES — CCD, Belgium) for its financial support
(accession numbers: 31382).

P.S.A,S.N.M. M, P. A. L. and P. K. conceived and designed
the research. P.S. A.and N. T. conducted the experiments. P. S. A.,
A.B., M. G,, M. M. G,,J. L. and P. C. contributed to the chemical
analysis in the laboratory. P. S. A. and W. M. analysed the data.
P.S. A. wrote the manuscript. S. N. M. M., W. M., M. M. G. and P. K.
revised the manuscript. All authors read and approved the
manuscript.

There are no conflicts of interest.

The sequencing raw data was deposited in the NCBI
Sequence Read Archive database (accession: PRINA826326).

References

1. Hossain MS, Fawole FJ, Labh SN, et al. (2021) Insect meal
inclusion as a novel feed ingredient in soy-based diets
improves performance of rainbow trout (Oncorbynchus
mykiss). Aquaculture 544, 737096. https://doi.org/10.1016/
j.aquaculture.2021.737096

2. Gougbedji A, Detilleux J, Laleye P, et al. (2022) Can insect meal
replace fishmeal? A meta-analysis of the effects of black soldier
fly on fish growth performances and nutritional values.
Animals 12, 1700. https://doi.org/10.3390/ani12131700

3. Zulkifli NFNM, Seok-Kian AY, Seng LL, et al. (2022) Nutritional
value of black soldier fly (Hermetia illucens) larvae processed

ssaud Aisianun abpliquied Aq auluo paysiignd 800€00£2St L L£000S/£10L°0L/B10"10p//:sdny


https://doi.org/10.1016/j.aquaculture.2021.737096
https://doi.org/10.1016/j.aquaculture.2021.737096
https://doi.org/10.3390/ani12131700
https://doi.org/10.1017/S0007114523003008

o

British Journal of Nutrition

1340

10.

11.

12.

13.

14.

16.

17.

P. S. Agbohessou et al.

by different methods. PLoS One 17, €0263924. https://doi.org/
10.1371/journal.pone.0263924

Hua K (2021) A meta-analysis of the effects of replacing fish
meals with insect meals on growth performance of fish.
Aquaculture 530, 735732. https://doi.org/10.1016/j.aquacultu
re.2020.735732

Devic E, Leschen W, Murray F, et al. (2018) Growth
performance, feed utilization and body composition of
advanced nursing Nile tilapia (Oreochromis niloticus) fed diets
containing Black Soldier Fly (Hermetia illucens) larvae
meal. Aquacult Nutr 24, 416-423. https://doi.org/10.1111/
anu.12573

Agbohessou PS, Mandiki SNM, Gougbédji A, et al. (2021)
Efficiency of fatty acid-enriched dipteran-based meal on
husbandry, digestive activity and immunological responses
of Nile tilapia Oreochromis niloticus juveniles. Aquaculture
545, 737193. https://doi.org/10.1016/j.aquaculture.2021.
737193

Ewald N, Vidakovic A, Langeland M, et al. (2020) Fatty acid
composition of black soldier fly larvae (Hermetia illucens) —
possibilities and limitations for modification through diet.
Waste Manag 102, 40-47. https://doi.org/10.1016/j.wasman.
2019.10.014

Mohan K, Rajan DK, Muralisankar T, et al. (2022) Use of black
soldier fly (Hermetia illucens L.) larvae meal in aquafeeds for a
sustainable aquaculture industry: a review of past and future
needs. Aquaculture 553, 738095. https://doi.org/10.1016/j.
aquaculture.2022.738095

Belghit I, Liland NS, Waagbg R, et al. (2018) Potential of
insect-based diets for Atlantic salmon (Salmo salar).
Aquaculture 491, 72-81. https://doi.org/10.1016/j.aquacu
Iture.2018.03.016

Ojha S, Bekhit AE-D, Grune T, et al. (2021) Bioavailability of
nutrients from edible insects. Curr Opin Food Sci 41, 240-248.
https://doi.org/10.1016/j.cofs.2021.08.003

Shiau SY & Yu YP (1999) Dietary supplementation of chitin and
chitosan depresses growth in tilapia, Oreochromis niloticus X
O. aureus. Aquaculture 179, 439-446. https://doi.org/10.
1016/S0044-8486(99)00177-5

Guerreiro I, Serra CR, Coutinho F, et al. (2021) Digestive
enzyme activity and nutrient digestibility in meagre
(Argyrosomus regius) fed increasing levels of black soldier
fly meal (Hermetia illucens). Aquacult Nutr 27, 142-152.
https://doi.org/10.1111/anu.13172

Zhang Y, Feng S, Chen J, et al. (2012) Stimulatory effects of
chitinase on growth and immune defense of orange-spotted
grouper (Epinephelus coioides). Fish Shellfish Immunol 32,
844-854. https://doi.org/10.1016/}.£si.2012.02.009

Hasan I, Rimoldi S, Saroglia G, et al. (2023) Sustainable fish
feeds with insects and probiotics positively affect freshwater
and marine fish gut microbiota. Animals 13, 1633. https://doi.
org/10.3390/ani13101633

Weththasinghe P, Rocha SDC, @yas O, et al. (2022) Modulation
of Atlantic salmon (Sa/mo salar) gut microbiota composition
and predicted metabolic capacity by feeding diets with
processed black soldier fly (Hermetia illucens) larvae meals
and fractions. Anim Microbiome 4, 9. https://doi.org/10.1186/
$42523-021-00161-w

Rimoldi S, Antonini M, Gasco L, et al. (2021) Intestinal microbial
communities of rainbow trout (Oncorbynchus mykiss) may be
improved by feeding a Hermetia illucens meal/low-fishmeal
diet. Fish Physiol Biochem 47, 365-380. https://doi.org/10.
1007/510695-020-00918-1

Foysal MJ & Gupta SK (2022) A systematic meta-analysis reveals
enrichment of Actinobacteria and Firmicutes in the fish gut in
response to black soldier fly (Hermetica illucens) meal-based

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

diets. Aquaculture 549, 737760. https://doi.org/10.1016/j.a
quaculture.2021.737760

Falcinelli S, Picchietti S, Rodiles A, et al. (2015)
Lactobacillus rbamnosus lowers zebrafish lipid content
by changing gut microbiota and host transcription of genes
involved in lipid metabolism. Sci Rep 5, 9336. https://doi.org/10.
1038/srep09336

Banavar A, Amirkolaei SK, Duscher L, et al. (2022) Nutritional
evaluation of black soldier fly frass as an ingredient in Florida
pompano (Trachinotus carolinus L.) Diets. Animals 12, 2407.
https://doi.org/10.3390/ani12182407

Janssen RH, Vincken J-P, van den Broek LAM, et al. (2017)
Nitrogen-to-protein conversion factors for three edible insects:
Tenebrio molitor, Alphitobius diaperinus, and Hermetia
illucens. J Agric Food Chem 65, 2275-2278. https://doi.org/
10.1021/acs.jafc.7b00471

Kirk PL (1950) Kjeldahl method for total nitrogen. Anal Chem
22, 354-358. https://doi.org/10.1021/ac600382038
Agbohessou PS, Mandiki SNM, Gougbédji A, et al. (2021) Total
replacement of fish meal by enriched-fatty acid Hermetia
illucens meal did not substantially affect growth parameters or
innate immune status and improved whole body biochemical
quality of Nile tilapia juveniles. Aquacult Nutr 27, 880-896.
https://doi.org/10.1111/anu.13232

Bessey OA, Lowry OH & Brock MJ (1946) A method for the
rapid determination of alkaline phosphates with five cubic
millimeters of serum. J Biol Chem 164, 321-329. http://www.
ncbi.nlm.nih.gov/pubmed/20989492

Maroux S, Louvard D & Barath J (1973) The aminopeptidase
from hog intestinal brush border. Biochim Biophys Acta —
Enzymol 321, 282-295. https://doi.org/10.1016/0005-2744
(73)90083-1

Gisbert E, Giménez G, Fernandez I, et al. (2009) Development
of digestive enzymes in common dentex Dentex dentex during
early ontogeny. Aquaculture 287, 381-387. https://doi.org/10.
1016/j.aquaculture.2008.10.039

Bernfeld P (1951) Enzymes of starch degradation and synthesis.
Adv Enzymol Relat Areas Mol Biol 12, 379-428.

Cuvier-Péres A & Kestemont P (2001) Development of some
digestive enzymes in Eurasian perch larvae Perca fluviatilis.
Fish Physiol Biochem 24, 279-285. https://doi.org/10.1023/A:
1015033300526

Kakizaki H, Ikeda M, Fukushima H, et al. (2015) Distribution of
chitinolytic enzymes in the organs and cDNA cloning of
chitinase Isozymes from the stomach of two species of fish,
chub mackerel (Scomber japonicus) and silver croaker
(Pennabia argentata). Open J Mar Sci 05, 398-411. https://
doi.org/10.4236/0jms.2015.54032

Bradford MM (1976) A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Anal Biochem 72, 248-254.
https://doi.org/10.1016/0003-2697(76)90527-3

Agbohessou PS, Mandiki SNM, Mbondo Biyong SR, et al. (2022)
Intestinal histopathology and immune responses following
Escherichia colilipopolysaccharide challenge in Nile tilapia fed
enriched black soldier fly larval (BSF) meal supplemented with
chitinase. Fish Shellfish Immunol 128, 620-633. https://doi.o
1rg/10.1016/}.£s1.2022.08.050

Fastrés A, Canonne MA, Taminiau B, et al. (2020) Analysis of the
lung microbiota in dogs with Bordetella bronchiseptica
infection and correlation with culture and quantitative polymer-
ase chain reaction. Vet Res 51, 46. https://doi.org/10.1186/
$13567-020-00769-x

Callahan BJ, McMurdie PJ, Rosen MJ, et al. (2016) DADA2: high-
resolution sample inference from Illumina amplicon data. Nat
Methods 13, 581-583. https://doi.org/10.1038/nmeth.3869

ssaud Aisianun abpliquied Aq auluo paysiignd 800€00£2St L L£000S/£10L°0L/B10"10p//:sdny


https://doi.org/10.1371/journal.pone.0263924
https://doi.org/10.1371/journal.pone.0263924
https://doi.org/10.1016/j.aquaculture.2020.735732
https://doi.org/10.1016/j.aquaculture.2020.735732
https://doi.org/10.1111/anu.12573
https://doi.org/10.1111/anu.12573
https://doi.org/10.1016/j.aquaculture.2021.737193
https://doi.org/10.1016/j.aquaculture.2021.737193
https://doi.org/10.1016/j.wasman.2019.10.014
https://doi.org/10.1016/j.wasman.2019.10.014
https://doi.org/10.1016/j.aquaculture.2022.738095
https://doi.org/10.1016/j.aquaculture.2022.738095
https://doi.org/10.1016/j.aquaculture.2018.03.016
https://doi.org/10.1016/j.aquaculture.2018.03.016
https://doi.org/10.1016/j.cofs.2021.08.003
https://doi.org/10.1016/S0044-8486(99)00177-5
https://doi.org/10.1016/S0044-8486(99)00177-5
https://doi.org/10.1111/anu.13172
https://doi.org/10.1016/j.fsi.2012.02.009
https://doi.org/10.3390/ani13101633
https://doi.org/10.3390/ani13101633
https://doi.org/10.1186/s42523-021-00161-w
https://doi.org/10.1186/s42523-021-00161-w
https://doi.org/10.1007/s10695-020-00918-1
https://doi.org/10.1007/s10695-020-00918-1
https://doi.org/10.1016/j.aquaculture.2021.737760
https://doi.org/10.1016/j.aquaculture.2021.737760
https://doi.org/10.1038/srep09336
https://doi.org/10.1038/srep09336
https://doi.org/10.3390/ani12182407
https://doi.org/10.1021/acs.jafc.7b00471
https://doi.org/10.1021/acs.jafc.7b00471
https://doi.org/10.1021/ac60038a038
https://doi.org/10.1111/anu.13232
http://www.ncbi.nlm.nih.gov/pubmed/20989492
http://www.ncbi.nlm.nih.gov/pubmed/20989492
https://doi.org/10.1016/0005-2744(73)90083-1
https://doi.org/10.1016/0005-2744(73)90083-1
https://doi.org/10.1016/j.aquaculture.2008.10.039
https://doi.org/10.1016/j.aquaculture.2008.10.039
https://doi.org/10.1023/A:1015033300526
https://doi.org/10.1023/A:1015033300526
https://doi.org/10.4236/ojms.2015.54032
https://doi.org/10.4236/ojms.2015.54032
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/j.fsi.2022.08.050
https://doi.org/10.1016/j.fsi.2022.08.050
https://doi.org/10.1186/s13567-020-00769-x
https://doi.org/10.1186/s13567-020-00769-x
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1017/S0007114523003008

o

British Journal of Nutrition

33.

34.

35.

30.

37.

38.

39.

40.

41.

42.

43.

44.

45.

40.

47.

Effect of fatty acid-enriched black soldier fly larvae meal combined with chitinase 1341

Quast C, Pruesse E, Yilmaz P, et al. (2012) The SILVA ribosomal
RNA gene database project: improved data processing and
web-based tools. Nucleic Acids Res 41, D590-D596. https://
doi.org/10.1093/nar/gks1219

Kumar S, Stecher G, Li M, et al. (2018) MEGA X: molecular
evolutionary genetics analysis across computing platforms. Mol
Biol Evol 35, 1547-1549. https://doi.org/10.1093/molbev/
msy096

Furukawa A & Tsukahara H (1966) On the acid digestion
method for the determination of chromic oxide as an index
substance in the study of digestibility of fish feed. Nippon
Suisan Gakkaishi 32, 502-5006. https://doi.org/10.2331/suisan.
32.502

McMurdie PJ & Holmes S (2013) Phyloseq: an R package for
reproducible interactive analysis and graphics of microbiome
census data. PLoS One 8, €61217. https://doi.org/10.1371/jou
rnal.pone.0061217

Segata N, Izard J, Waldron L, et al. (2011) Metagenomic
biomarker discovery and explanation. Genome Biol 12, R60.
https://doi.org/10.1186/gb-2011-12-6-160

Cornet V, Quaach A, Mandiki SNM, et al. (2018)
Environmentally-realistic concentration of cadmium combined
with polyunsaturated fatty acids enriched diets modulated
non-specific immunity in rainbow trout. Aquat Toxicol 196,
104-116. https://doi.org/10.1016/j.aquatox.2018.01.012
Arenas M, Alvarez-Gonzilez A, Barreto A, et al. (2021)
Evaluation of protein: lipid ratio on growth, feed efficiency,
and metabolic response in juvenile yellowtail snapper Ocyurus
chrysurus (Bloch, 1791). Lat Am ] Aquat Res 49, 329-341.
https://doi.org/10.3856/vol49-issue2-fulltext-2660

Gutowska MA, Drazen JC & Robison BH (2004) Digestive
chitinolytic activity in marine fishes of Monterey Bay, California.
Comp Biochem Physiol — A Mol Integr Physiol 139, 351-358.
https://doi.org/10.1016/j.cbpb.2004.09.020

Gohi B, Zeng H-Y & Pan A (2016) Optimization and
characterization of chitosan enzymolysis by pepsin. Bioeng
3, 17. https://doi.org/10.3390/bioengineering3030017
Molinari LM, Pedroso RB & de Oliveira Scoaris D, et al. (2007)
Identification and partial characterisation of a chitinase from
Nile tilapia, Oreochromis niloticus. Comp Biochem Physiol - B
Biochem Mol Biol 146, 81-87. https://doi.org/10.1016/j.cbpb.
2006.09.004

Karasov WH & Hume ID (1997) Vertebrate gastrointestinal
system. In Handbook of Comparative Physiology, pp. 409-480
[W Dantzler, editor]. Bethesda, MD: American Physiological
Society. https://doi.org/10.1002/cphy.cp130107

Zarantoniello M, Randazzo B, Truzzi C, et al. (2019) A six-
months study on Black Soldier Fly (Hermetia illucens) based
diets in zebrafish. Sci Rep 9, 8598. https://doi.org/10.1038/
$41598-019-45172-5

Hender A, Siddik M, Howieson J, et al. (2021) Black soldier fly,
Hermetia illucens as an alternative to fishmeal protein and fish
oil: impact on growth, immune response, mucosal barrier
status, and flesh quality of juvenile barramundi, Lates calcarifer
(Bloch, 1790). Biology (Basel) 10, 505. https://doi.org/10.3390/
biology10060505

Ghanbari M, Kneifel W & Domig KJ (2015) A new view of the
fish gut microbiome: advances from next-generation sequenc-
ing. Aquaculture 448, 464-475. https://doi.org/10.1016/j.aqua
culture.2015.06.033

Orellana LH, Francis TB, Ferraro M, et al. (2022)
Verrucomicrobiota are specialist consumers of sulfated methyl
pentoses during diatom blooms. ISME J 16, 630-641. https://
doi.org/10.1038/s41396-021-01105-7

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ran C, Huang L, Liu Z, et al. (2015) A comparison of the
beneficial effects of live and heat-inactivated baker’s yeast on
Nile tilapia: suggestions on the role and function of the
secretory metabolites released from the yeast. PLoS One 10,
€0145448. https://doi.org/10.1371/journal.pone.0145448
Tachibana L, Telli GS, Dias DD, et al. (2021) Bacillus subtilis
and Bacillus licheniformis in diets for Nile tilapia (Oreochromis
niloticus): effects on growth performance, gut microbiota
modulation and innate immunology. Aqudac Res 52, 1630-1642.
https://doi.org/10.1111/are. 15016

Terova G, Gini E, Gasco L, et al. (2021) Effects of
full replacement of dietary fishmeal with insect meal from
Tenebrio molitor on rainbow trout gut and skin microbiota. J
Anim Sci Biotechnol 12, 30. https://doi.org/10.1186/s40104-
021-00551-9

Terova G, Rimoldi S, Ascione C, et al. (2019) Rainbow trout
(Oncorbynchus mykiss) gut microbiota is modulated by insect
meal from Hermetia illucens prepupae in the diet. Rev Fish Biol
Fish 29, 465-486. https://doi.org/10.1007/s11160-019-09558-y
Huyben D, Vidakovi¢ A, Werner Hallgren S, et al. (2019) High-
throughput sequencing of gut microbiota in rainbow trout
(Oncorbynchus mykiss) fed larval and pre-pupae stages of
black soldier fly (Hermetia illucens). Aquaculture 500, 485—
491. https://doi.org/10.1016/j.aquaculture.2018.10.034

Ringg E, Hoseinifar SH, Ghosh K, et al. (2018) Lactic acid
bacteria in finfish. Front Microbiol 9, 1818. https://doi.org/10.
3389/fmich.2018.01818

Lin Y-H & Cheng M-Y (2017) Effects of dietary organic acid
supplementation on the growth, nutrient digestibility and
intestinal histology of the giant grouper Epinephelus lanceo-
latus fed a diet with soybean meal. Aquaculture 469, 106-111.
https://doi.org/10.1016/j.aquaculture.2016.11.032

Askarian F, Zhou Z, Olsen RE, et al. (2012) Culturable
autochthonous gut bacteria in Atlantic salmon (Salmo salar
L.) fed diets with or without chitin. Characterization by 16S
rRNA gene sequencing, ability to produce enzymes and in
vitro growth inhibition of four fish pathogens. Aquaculture
326-329, 1-8. https://doi.org/10.1016/j.aquaculture.2011.
10.016

Borrelli L, Coretti L, Dipineto L, et al. (2017) Insect-based diet, a
promising nutritional source, modulates gut microbiota com-
position and SCFAs production in laying hens. Sci Rep 7, 16269.
https://doi.org/10.1038/s41598-017-16560-6

Apper E, Weissman D, Respondek F, et al. (2016) Hydrolysed
wheat gluten as part of a diet based on animal and plant
proteins supports good growth performance of Asian seabass
(Lates calcarifer), without impairing intestinal morphology or
microbiota. Aquaculture 453, 40-48. https://doi.org/10.1016/
j.aquaculture.2015.11.018

Rimoldi S, Gliozheni E, Ascione C, et al. (2018) Effect of a
specific composition of short- and medium-chain fatty acid 1-
Monoglycerides on growth performances and gut microbiota of
gilthead sea bream (Sparus aurata). Peer] 6, €5355. https://
doi.org/10.7717/peetj.5355

Huyben D, Roehe BK, Bekaert M, et al. (2020) Dietary lipid:
protein ratio and 7-3 long-chain polyunsaturated fatty acids
alters the gut microbiome of Atlantic salmon under hypoxic and
normoxic conditions. Front Microbiol 11, 589898. https://doi.o
1rg/10.3389/fmicb.2020.589898

Ingerslev H-C, von Gersdorft Jorgensen L, Lenz Strube M, et al.
(2014) The development of the gut microbiota in rainbow trout
(Oncorbynchus mykiss) is affected by first feeding and diet
type. Aquaculture 424-425, 24-34. https://doi.org/10.1016/
j.aquaculture.2013.12.032

ssaud Aisianun abpliquied Aq auluo paysiignd 800€00£2St L L£000S/£10L°0L/B10"10p//:sdny


https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.2331/suisan.32.502
https://doi.org/10.2331/suisan.32.502
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.aquatox.2018.01.012
https://doi.org/10.3856/vol49-issue2-fulltext-2660
https://doi.org/10.1016/j.cbpb.2004.09.020
https://doi.org/10.3390/bioengineering3030017
https://doi.org/10.1016/j.cbpb.2006.09.004
https://doi.org/10.1016/j.cbpb.2006.09.004
https://doi.org/10.1002/cphy.cp130107
https://doi.org/10.1038/s41598-019-45172-5
https://doi.org/10.1038/s41598-019-45172-5
https://doi.org/10.3390/biology10060505
https://doi.org/10.3390/biology10060505
https://doi.org/10.1016/j.aquaculture.2015.06.033
https://doi.org/10.1016/j.aquaculture.2015.06.033
https://doi.org/10.1038/s41396-021-01105-7
https://doi.org/10.1038/s41396-021-01105-7
https://doi.org/10.1371/journal.pone.0145448
https://doi.org/10.1111/are.15016
https://doi.org/10.1186/s40104-021-00551-9
https://doi.org/10.1186/s40104-021-00551-9
https://doi.org/10.1007/s11160-019-09558-y
https://doi.org/10.1016/j.aquaculture.2018.10.034
https://doi.org/10.3389/fmicb.2018.01818
https://doi.org/10.3389/fmicb.2018.01818
https://doi.org/10.1016/j.aquaculture.2016.11.032
https://doi.org/10.1016/j.aquaculture.2011.10.016
https://doi.org/10.1016/j.aquaculture.2011.10.016
https://doi.org/10.1038/s41598-017-16560-6
https://doi.org/10.1016/j.aquaculture.2015.11.018
https://doi.org/10.1016/j.aquaculture.2015.11.018
https://doi.org/10.7717/peerj.5355
https://doi.org/10.7717/peerj.5355
https://doi.org/10.3389/fmicb.2020.589898
https://doi.org/10.3389/fmicb.2020.589898
https://doi.org/10.1016/j.aquaculture.2013.12.032
https://doi.org/10.1016/j.aquaculture.2013.12.032
https://doi.org/10.1017/S0007114523003008

	Effect of fatty acid-enriched black soldier fly larvae meal combined with chitinase on the metabolic processes of Nile tilapia
	Materials and methods
	Enrichment of black soldier fly larvae meals
	Facilities and fish
	Experimental diets
	Experimental design
	Feed utilisation and growth performance
	Sample collection and biochemical analysis
	Digestive enzyme activities
	Gene expression analyses
	Analysis of the intestinal microbiota
	16S rDNA amplicon sequencing
	Methods of 16S rRNA sequence analysis
	Digestibility test

	Statistical analyses

	Results
	Growth performance, feed utilisation and nutrient digestibility
	Activities of digestive enzymes
	Relative expression of enzymatic and lipid metabolism genes
	Diversity and taxonomic composition of the gut microbiota

	Discussion
	Effects of enrichment of black soldier fly with long-chain PUFA and/or dietary chitinase on growth, feed utilisation and digestive features
	Influence of the enrichment of black soldier fly and dietary chitinase on the relative expression of enzymatic and lipid metabolism genes
	Influence of the enrichment of black soldier fly and dietary chitinase on the gut microbiota

	Acknowledgements
	References


