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Aquaculture is one of the world’s fastest growing food-producing sectors, providing more than half of all fish
consumed globally for human nutrition. However, to maintain such growth and meet the increasing demand for
aquatic food, sustainable raw materials for fish feeds are needed. In this regard, insects represent one of the most
Chitin promising alternatives to fish meal (FM) protein source for use in aquafeeds. In addition to protein, insects
Prebiotics contain bioactive compounds, such as chitin, which is a natural polysaccharide abundantly present in the pupal
SCFA exuviae of some insects. Studies have shown that dietary chitin or its derivate chitosan acts as a prebiotic thus
modulating the gut microbial communities of fish. Accordingly, the present study aimed to evaluate the effect of
two waste products rich in chitin, i.e., shrimp head meal (SHM), and insect (Hermetia illucens) pupal exuviae on
the gut microbiota of rainbow trout (Oncorhynchus mykiss). Three isoproteic, isolipidic, and isoenergetic diets
containing either FM, SHD, or a combination of FM and 1.6% of pupal exuviae meal (PEM) were tested through a
91-day feeding trial. At the end of the experiment, no differences in final mean body weight, specific growth rate,
and feed conversion ratio values were observed between fish experimental groups. Mortality was <1% and it did
not correlate with diet for the entire duration of the trial. However, a modulatory effect of dietary pupal exuviae
on fish gut microbiota was detected. Indeed, gut bacterial species richness improved by including insect exuviae.
In particular, Firmicutes and Actinobacteria phyla, mainly represented by Bacillus, Facklamia, Brevibacterium, and
Corynebacterium genera, were enriched in trout receiving pupal exuviae. These genera are chitinolytic and short-
chain fatty acids (SCFAs)-producing bacteria. SCFAs production was confirmed by gas chromatography analysis,
which detected the highest amount of butyrate in feces of trout fed with pupal exuviae meal. Functional inference
analysis of intestinal microbiota using PICRUST metagenome prediction tool, showed differences in response to
diet. In particular, eleven pathways were significantly different between control fish (FM) and fish fed the PEM
diet, whereas twenty functional traits were significantly different between the FM and SHM fish groups. Overall,
our data confirmed that chitin from insect’s pupal exuviae represents a promising functional ingredient, better
than SHM, for positively modulating gut microbiota communities of rainbow trout.

Insect exuviae
Gut microbiota

1. Introduction sector, new strategies and technologies have emerged over the past few

decades, which aimed to develop a sustainable aquaculture. In order to

Fish constitute one of the main sources of high-quality proteins for
human consumption, supplying 20% of the average per capita intake of
animal proteins. In this scenario, aquaculture accounted for 46% of the
total fish production and 52% of the global demand for fish for human
use (FAO, 2020). To guarantee the rapid growth of this agriculture

minimize the environmental footprint of aquaculture and increase its
sustainability, great efforts are being invested to reduce or replace
fishmeal (FM) in the diets by developing novel feeds with specialty in-
gredients that can provide nutritional value and at the same time be
cheaper and more sustainable than FM (Oliva-Teles et al., 2015).

Abbreviations: FM, Fishmeal; SCFAs, short chain fatty acids; SHM, Shrimp head meal; PEM, Pupal exuviae meal; FCR, Feed conversion ratio; SGR, Specific growth
rate; ASV, amplicon sequence variant; ANOVA, Analysis of variance; PLS-DA, Partial least squares discriminant analysis.
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In this regard, insects have been proven to have high nutritional
value, particularly the protein fraction in terms of quantity (range
40-60% of dry weight) and adequate amino acid composition (Makkar
et al., 2014). An increasing number of feeding trials have already shown
that insect meals can partially or completely replace the FM in feeds for
aquaculture (Gasco et al., 2020; Lock et al., 2018; Nogales-Mérida et al.,
2019).

Recently, we obtained promising results with the dietary use of black
soldier fly (Hermetia Illucens) and yellow mealworm (Tenebrio molitor)
meals in both marine and fresh water carnivorous fish species (Rimoldi
etal., 2021, 2019; Terova et al., 2021, 2020, 2019). Insects also contain
a significant amount of ‘animal’ fibers in the form of insoluble chitin.
Chitin is Earth’s second most abundant polysaccharide after cellulose
and is composed of N-acetyl-2-amino-2-deoxyglucose (GlcNAc) units
linked by B-(1 — 4) bonds (Abdel-Ghany and Salem, 2020; Jiménez-
Gomez and Cecilia, 2020). In addition to being present in insect exo-
skeletons, chitin is the major constituent of crustacean shells and the cell
wall of many fungi, too. On an industrial scale, chitin is largely obtained
from processing the waste of marine food products, such as shrimp,
prawn, crab, lobster, crayfish, squid, cuttlefish, and barnacles, whose
chitin content ranges between 15 and 40% (Kurita, 2006). However,
interest in edible insects as food and feed has been rising in recent years.
In Europe, for the feed sector alone, the annual production of insects
amounts to about 6000 tons, with an estimated 24.4% growth per year
over the next decade (Gasco et al., 2020). With their content of chitin
(up to 35-40%), pupal exuviae are the main chitin-rich by-products of
insect farming (Hahn et al., 2020; Kramer et al., 1995), and represent a
relevant cost-free and always-available source of chitin with low envi-
ronmental impact.

Chitin and its deacetylated derivate chitosan have been proven to
exhibit positive effects on the performance of cultured fish and are
considered to be functional ingredients, or bioactive compounds (Abdel-
Ghany and Salem, 2020; Alishahi and Aider, 2011; Ringg et al., 2012).

Chitin and chitosan supplementation in the diet, indeed, elevates
growth rates and feed efficiencies and improves disease resistance in
several fish species, including rainbow trout (Oncorhynchus mykiss), Nile
tilapia (Oreochromis niloticus), grey mullet (Liza ramada), red sea bream
(Pagrus major), Japanese eel (Anguilla japonica), and yellowtail (Seriola
quinqueradiata) (Ahmed et al., 2021; Dawood et al., 2020; Elserafy et al.,
2021; Kono et al., 1987; Qin et al., 2014; Shi et al., 2020). Despite these
positive effects, it is generally accepted that chitin is a limiting factor,
constraining the use of insect meals in aquafeeds. The presence of chitin
in fish diets decrease diet digestibility (Gasco et al., 2019) as most fish
species are not able to efficiently digest and absorb chitin. Actually, the
ability of fish to digest chitin is a matter of debate as some fish species do
show chitinase activity, such as cod (Gadus morhua) (Danulat, 1986),
juvenile cobia (Rachycentron canadum) (Fines and Holt, 2010), channel
rockcod (Sebastolobus alascanus), splitnose rockfish (Sebastes diploproa),
and black cod (Anoplopoma fimbria) (Gutowska et al., 2004).

Being similar to cellulose, chitin may also act as a prebiotic,
increasing bacterial intestinal richness by favoring the growth of bene-
ficial and chitin-degrading bacteria, thus stimulating intestinal
fermentation by producing healthy short-chain fatty acids (SCFAs),
mainly acetate, propionate, and butyrate, as end products.

In aquatic animals, SCFAs are mainly found in the posterior region of
the gut (85% of the total SCFAs) where they are absorbed and act as the
main energy source of colonocytes, especially butyrate (Clements et al.,
1994). This SCFA exhibits a well-known positive effect on gut, fish
health, and the immune system (Gaudioso et al., 2021).

Accordingly, numerous studies have shown that insect-derived in-
gredients are capable of modulating the microbial communities inhab-
iting the fish gut. Feeding with insect-supplemented diets usually drives
an increasing abundance of the Bacillaceae, Lactobacillaceae, and
Actinobacteria families (Bruni et al., 2020; Foysal and Gupta, 2022;
Gaudioso et al., 2021; Huyben et al., 2019; Li et al., 2021; Rimoldi et al.,
2021, 2019; Terova et al., 2021, 2020, 2019). Similarly, dietary chitosan
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increases the abundance of beneficial bacteria at the expense of those
potentially pathogenic for the host (Ahmed et al., 2019).

The current study aimed to provide knowledge about the use of two
waste by-products rich in chitin, i.e., shrimp head meal (SHM) and black
soldier pupal exuviae, in aquafeeds and the effect of these ingredients on
growth and gut microbiome composition in rainbow trout (Onco-
rhynchus mykiss). For this purpose, a feeding trial was conducted with
three isoproteic, isolipidic, and isoenergetic diets containing either FM
(control FM-based diet), SHM, or pupal exuviae meal (PEM). Fish
growth performances and gut microbiome profiles were evaluated in
response to diet. Changes in the amount of intestinal SCFAs were also
studied to understand the local effects of gut microbiota modulation.

Our assumption was that these by-product meals, particularly PEM,
could positively modulate the intestinal microbiota of rainbow trout by
increasing the proliferation of beneficial and chitinolytic bacteria and
could be considered valid and more sustainable sources of chitin and
chitosan to use as functional ingredients for aquafeeds.

2. Materials and methods
2.1. Ethics approval

This study complies with EU Directive 2010/63/EU and Italian
Legislative Decree n°26,/2014 for animal used for scientific purposes. All
procedures involving fish were performed at Experimental Fish Center
of Fondazione Edmund Mach pursuant to the authorization n° 22/2019-
UT of the Ministry of Labor, Health, and Social Policies (Art. 20. D.Lgs
26/2014) and approved by the Committee on the Ethics of Animal Ex-
periments of the Edmund Mach Foundation. The procedures described
did not cause pain, suffering or any stress in animals as in Art. 2 of
Legislative Decree 26/2014 and were therefore not subjected to prior
authorization by the Ministry of Health. In order to reduce handling
stress and suffering, fish were anesthetized by immersion in tricaine
methanesulfonate solution (MS222) before sampling.

2.2. Fish, diets, and feeding trial

The feeding trial and all procedures involving rainbow trout
(0. mykiss) were conducted at the indoor experimental facility of the
Edmund Mach Foundation (FEM) (San Michele all’Adige, Trento, Italy).
A total of 360 trout, all females with an initial mean body weight of
290.7 + 5.4 g were randomly distributed in 9 fiberglass tanks of 800 1
(40 fish/tank) connected to a flow-through fish-rearing system.

Experimental tanks were supplied with degassed ground water with
an approximately constant temperature of 13.7 & 0.2 °C and dissolved
oxygen concentration at 7.0 £+ 0.7 mg/1 (DO saturation 68.9 + 7.2). Fish
were acclimatized for 6 days under a natural photoperiod (October 18th
2019 - January 17th 2020) (46°11'30.404” N; 11°8’5.195" E) and fed to
visual satiety with a standard commercial diet (VRM S.r.1, Naturalleva,
Italy). After the acclimation period, fish were fed twice daily with a
restricted ration (1.5% of biomass, 6 days per week), for 91 days with
three different extruded diets in triplicate (3 tanks/diet). For this study,
Naturalleva (VRM S.r.1 Italy) formulated three isoproteic, isolipidic, and
isoenergetic diets containing either fish meal (diet FM), shrimp head
meal (diet SHM) (Nutripal Aquativ, Diana Aqua), or FM and 1.6% of
pupal exuviae meal (diet PEM) from Hermetia illucens. Exuviae were
mixed with the oil and added to the feed during the vacuum coater oil
addition process. All three diets contained hydrolyzed fish protein and
plant proteins to ensure that the protein requirement of trout was met.
The formulation and proximate composition of the experimental diets
are reported in Table 1. Amino acid, fatty acid, mineral, and vitamin
content of the diets are reported in Supplementary Table 1.

To calculate feed rations, the individual weight of 10 randomly
chosen fish per tank (30 fish/diet) was assessed weekly, whereas all fish
in the tank (120 fish/diet) were weighed at the beginning, after 45 days,
and at the end of the experiment (91 days). Feed ingested was recorded
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Table 1

Ingredients and proximate composition of experimental diets.
Ingredients FM SHM PEM
Fish meal 25.7 0.0 20.1
Fish protein hydrolysed 4.1 9.0 6.5
Shrimp meal 0.0 20.4 0.0
Haemoglobin porcine 10.4 12.2 12.2
Soybean meal 27.2 26.1 26.1
Wheat meal 10.0 10.0 11.3
Fish oil 10.5 10.3 10.3
Soybean oil 4.8 4.7 4.7
Camelina oil 3.3 3.3 3.2
DL- methionine 0.8 0.8 0.8
Lysine HCl 0.8 0.8 0.8
MAP 1.4 1.4 1.4
Antioxidants premix 0.1 0.1 0.1
Vitamin C 0.1 0.1 0.1
Vitamin & mineral premix 0.8 0.8 0.8
Pupal BSF exuviae 0.0 0.0 1.6

Proximate composition

DM 93.66 93.66 93.66
Cp 43.16 43.13 43.09
EE 21.61 21.58 21.50
Ash 7.27 7.24 7.84

Gross Energy (MJ kg~' DM) 20.04 20.03 20.00

Abbreviations: MAP, monoammonium phosphate; DM, dry matter; CP, crude
protein; EE, ether extract.

daily for each tank and uneaten pellets recovered and weighed at the end
of each meal. Mortality was also monitored. These data were used as the
basis for calculating the feed conversion ratio (FCR = dry feed intake/
wet weight gain) and specific growth rate [SGR (%/day) = 100 x [In
(final body weight) + In (initial body weight)]1/days], for each dietary
fish group.

2.3. Sampling

At the end of the feeding trial, two fish from each tank (6 fish/diet)
were euthanized with an overdose of tricaine-methasulfonate (MS-222,
400 mg 1 1). The external surface of each fish was cleaned with 70%
ethanol to prevent external contaminations during dissection. The entire
intestine (excluding pyloric ceca) was aseptically removed from each
individual fish and the luminal and mucosa-associated microbiota were
collected and mixed together in the same sterile tube containing 800 pl
of Xpedition™ Lysis/Stabilization Solution (Zymo Research, Irvine, CA,
USA). As described in detail by Rimoldi et al. (2020), the fecal matter
was recovered by squeezing out, whereas the intestinal mucosa by
scrapping with a sterile spatula. An additional six fish per dietary group
were sampled and their intestinal content collected in a tube and stored
at —80 °C for SCFA quantification.

2.4. Gut microbiota analysis

2.4.1. Bacterial DNA extraction, 16S rRNA library preparation, and
sequencing

The bacterial DNA was extracted from each fish intestinal sample
(feces + mucosa) and from three aliquots of 200 mg each per feed.
DNeasy®PowerSoil® Pro Kit (Qiagen, Italy) was used for extraction
following the manufacturer’s instructions with only few modifications at
the lysis step, as previously described (Rimoldi et al., 2019). A negative
control, with only lysis buffer, was carried out in parallel to the bio-
logical samples to validate the extraction procedure. The extracted DNA
was quantified using a NanoDropTM 2000 Spectrophotometer (Thermo
Scientific, Milan, Italy) and then stored at —20 °C until use.

The 16S amplicon sequencing library was prepared by the GALSEQ
srl microbiome sequencing service (Milan, Italy) applying the Illumina
protocol “16S Metagenomic Sequencing Library Preparation for
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[lumina MiSeq System” (#15044223 rev. B). All steps of 16S rRNA gene
library preparation and sequencing have been previously described
(Terova et al., 2019). To characterize microbial community profiles, the
hypervariable region V4 of 16S rRNA gene was amplified using the ol-
igonucleotides 515F: 5-GTGYCAGCMGCCGCGGTAA-3' and 806R: 5'-
GGACTACNVGGTWTCTAAT-3'. Each library was diluted to 5 ng/pL and
pooled in one tube at equimolar concentration (4 nM). The mixed li-
braries were then multiplexed and sequenced on an Ilumina MiSeq
device, employing a paired-end 2 x 150 bp sequencing strategy.

2.4.2. DNA metabarcoding data analysis

The sequencing raw data analysis was performed using QIIME 2™
(version 2020.2) pipeline (Bolyen et al., 2019) and as previously
described by Terova et al. (2021). Briefly, paired-end reads were joined,
quality filtered (Q > 30), and denoised using qiime DADA2 denoise-
paired command (Callahan et al., 2016).

An amplicon sequence variant (ASV) table with high-quality filtered
reads was constructed and the taxonomic information was assigned
using the SILVA database (https://www.arb-silva.de/) (Quast et al.,
2013). ASVs assigned to chloroplasts and mitochondria were removed
from the analysis as they are of eukaryotic origin. To calculate alpha and
beta diversity the qiime 2 core-metrics-phylogenetic pipeline was
applied.

Alpha diversity was assessed at a depth of 20,000 reads and Chao 1,
Faith PD, Shannon, and Simpson indices were calculated. To assess the
beta diversity among gut bacterial communities, both weighted and
unweighted UniFrac distance matrices (Lozupone and Knight, 2005;
Lozupone et al., 2007) were calculated at genus level and results visu-
alized on PCoA plots.

2.4.3. Predictive metagenome functional analysis

The PICRUSt (Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States) tool (Langille et al., 2013) was
used to predict the functional profiles of gut microbial communities
based on 16S rRNA amplicon datasets. The inferred metagenomics
functions were annotated using KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway functions, i.e., EC and KO (KEGG orthology) acces-
sions as previously described (Rimoldi et al., 2021). The differences
between the control (FM) and experimental groups (PEM, SHM) were
tested by a two-sided Welch t-test using the Statistical Analysis of Met-
agenomics Profiles (STAMP) software package v.2.1.3 (http://kiwi.cs.da
l.ca/Software/STAMP) (Parks et al., 2014). Results of the analysis were
shown by means of extended error bar plots.

2.5. Quantification of SCFAs in fecal samples

Six rainbow trout per each dietary group were sampled and feces
were collected in 5-ml tubes. Then, the samples were transferred and
stored at —80 °C until analysis to prevent the volatilization of volatile
fatty acids. To obtain a maximum extraction yield, fecal samples from
two fish were pooled (3 pools/diet). Each fecal pool was then centri-
fuged at 3500g for 10 min, and 25% meta-phosphoric acid was added at
a ratio of 5 parts of feces to 1 part of acid. The tubes were then covered
and allowed to stand for 30 min at room temperature. The fecal fluid was
centrifuged again at 3500g for 10 min and the clear supernatant was
collected and frozen. Before the analysis, each frozen supernatant was
thawed and centrifuged again as described above.

SCFAs were quantified by using a VARIAN CP-3800 gas chromato-
graph equipped with a Nukol column (30 m x 0.25 mm x 0.25 pM)
(SUPELCO, Sigma-Aldrich Co., Milan, Italy).

The GC program was as follows: initial temperature of 100 °C, hold
for 2 min; ramp to 140 °C at a rate of 5 °C/min and hold for 1 min; and
then ramp to 200 °C at a rate of 7 °C/min.

The temperatures of detector and injector were kept at 250 °C and at
220 °C, respectively. Helium was used as a carrier gas at a flow rate of 4
ml/min. Samples were analyzed with a run time of 16 min and SCFAs
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were quantified in accordance with external calibration standard curves
for acetic, propionic and butyric acid.

2.6. Statistics

Normality and homoscedasticity of all data were checked by Shapiro-
Wilk and Levene’s test, respectively. One-way ANOVA with Tukey’s test
or nonparametric Kruskal-Wallis followed by Dunn’s post hoc test were
applied to assess growth performance, feed conversion, and a-diversity
and bacteria-relative abundance data using Past4 software version 4.02
(Hammer et al., 2001). To compare gut bacterial abundances of exper-
imental feeding groups (PEM, SHM) with their control (FM), the STAMP
v.2.1.3 program was also used (Parks et al., 2014), applying two-sided
Welch’s t-test with Benjamin-Hochberg False Discovery Rate (FDR)
correction. The significance of differences in the beta diversity of bac-
terial communities was assessed using the nonparametric Permutational
Multivariate Analysis of Variance (PERMANOVA) with 999 permuta-
tions. Statistical significance was set at p < 0.05 for all tests. To better
evaluate the separation among gut bacterial communities, a partial
least-squares discriminant analysis (PLS-DA) was performed using R
package mix Omics v.6.22.0. The contribution of the different taxa to the
group separation was determined by the minimum variable importance
in the projection (VIP) values. A VIP value >1 was considered an
adequate threshold to define discriminant variables in the PLS-DA
model.

3. Results
3.1. Growth and fish efficiency

Mortality remained negligible and did not correlate with diet for the
entire duration of the trial (< 1 percentage). At the end of the 91-day
trial, no differences in final mean body weight, SGR, and FCR values
were observed among feeding groups (Table 2). The results revealed that
the weights of all fish groups doubled after 91 days of feeding.

3.2. Illumina MiSeq sequencing data output

All feed and intestinal samples were efficiently sequenced, obtaining
941,495 high-quality sequences corresponding to an average of 34,870
+ 5142 sequences per sample. A Good’s coverage value >99% indicated
that the bacterial communities were well representative. Based on
rarefaction curves, the sequencing depth to calculate alpha diversity
indices was set at 20,000 reads. All sequencing raw data were submitted
and are freely available on the European Nucleotide Archive (EBI ENA)
public database, under the accession code PRJEB55867.

3.3. Characterization of feed-associated bacterial communities

From the feed samples, 336,091 valid and trimmed sequences were
obtained and correctly assigned at different taxonomical ranks. The 16S
rDNA gene amplicon sequencing of the microbial communities revealed
significant differences between feed samples. The microbial profiles of
feeds were mainly comprised of 4 phyla (Fig. 1), 8 classes, 15 orders, 31
families, and 37 genera. The complete list of bacteria taxa found in feeds
for each taxonomical level is given in Supplementary Data File 1. Alpha

Table 2
Growth parameters of fish fed tested diets. Average initial (W;) and final (W)
body weight, SGR, and FCR are reported as mean + SD (n = 3 tanks, 120 fish).

FM PEM SHM
W; () 295.40 + 2.11 284.71 + 15.06 292.03 £ 12.38
Wy (g) 639.95 + 0.54 623.05 £ 27.60 620.01 £ 25.54
SGR 0.85 + 0.01 0.86 + 0.02 0.83 + 0.02
FCR 1.13 + 0.02 1.09 £ 0.04 1.16 + 0.05
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Fig. 1. Taxonomic composition of feed-associate microbiota at phylum level.
Only bacteria with an overall abundance >1% are reported. Bacteria with lower
abundance are pooled and indicated as “Others”.

diversity analysis showed that the microbial community associated with
FM feed had the lowest species richness (Chaol) and biodiversity
(Shannon, Simpson, and Faith-PD) values. Highest level of bacterial
diversity was found in PEM feed followed by SHM samples (Table 3).

At phylum level, FM and SHM feeds were very similar, with a high
proportion of Proteobacteria (89%) and 10% of Firmicutes (Fig. 1) or
following the new phylum nomenclature set by the International Com-
mittee on Systematics of Prokaryotes (Oren and Garrity, 2021), 89% of
Pseudomonadota and 10% of Bacillota. In contrast, bacterial commu-
nities associated with PEM feed differed significantly from the other two
feeds, composed of a low percentage of Proteobacteria (29%) and higher
percentage of Firmicutes (36%). Actinobacteria (Actinomycetota) (18%)
and Bacteroidetes (Bacteroidota) (17%) were only well represented in
PEM feed samples (Fig. 1). Bacterial communities associated with FM
feed were especially enriched in Vibrio and Lactobacillus genera. Cory-
nebacterium, Facklamia, Pseudomonas, Brevibacterium, Bacillus, and
Alcaligenes genera were more abundant in PEM feed. SHM feed showed
instead an association with Aeromonas, Acinetobacter, and Photo-
bacterium genera (Supplementary Table 2).

3.4. Characterization of gut bacterial communities and their dietary
modulation

The total number of high-quality reads obtained from fecal samples
was 605,404. Their microbial profiles were mainly formed by 6 phyla, 9
classes, 10 orders, 18 families, and 20 genera. In Fig. 2 the gut microbial
profiles are reported at the phylum and family level for each feeding
group. The complete profiles of bacterial communities are detailed in
Supplementary Data File 1. The analysis of alpha diversity revealed an
increased species richness (Chaol) in fecal samples from the PEM
feeding group. In contrast, the gut microbial communities of fish fed the
SHM diet had the lowest chaol index value (Table 3). Analysis of beta
diversity only showed significant differences among bacterial

Table 3

Alpha diversity indices of microbial communities of feeds and gut samples.
Different letters indicate significant differences between means within the same
column (p < 0.05). values are reported as mean + SD (n = 6).

Chaol Faith-PD Shannon Simpson
Feed samples
FM 194.50 + 8.02° 7.41 £+ 0.25¢ 2.26 + 0.08° 0.65 + 0.01¢
PEM 280.48 + 9.60% 9.37 £ 0.31° 3.86 + 0.08% 0.79 +0.01*
SHM 233.01 + 16.98" 8.19 +0.33" 2.72 £ 0.04° 0.70 + 0.01°
Gut samples
FM 115.98 + 69.08°° 6.34 + 2.46 2.48 £+ 0.67 0.72 £ 0.09
PEM 248.23 + 116.60° 9.97 +3.13 3.53 £0.92 0.81 £ 0.07
SHM 114.43 + 71.56° 6.34 + 2.46 2.79 £ 0.84 0.77 £0.12
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Fig. 2. Taxonomic composition of gut microbiota of trout fed three tested diets.
The relative abundance of the overall most prevalent bacterial phyla (a) and
families (b) are reported. Bacteria taxa with lower abundance (< 1%) are
pooled and indicated as “Others”.

communities for the unweighted UniFrac metric. The PERMANOVA
non-parametric test indicated that gut bacterial communities of fish fed
with the PEM diet differed significantly from those of FM and SHM
groups (Table 4). Accordingly, the principal coordinate analysis (PCoA)
plot of unweighted UniFrac distances of gut microbial communities
revealed a separate cluster of PEM samples, with the exception of two
outliers, from other sample groups (Fig. 3), whereas the PCoA plot based
on weighted UniFrac distances showed no clustering by diet (data not
shown). To further evaluate differences in the bacterial composition of
gut samples, PLS-DA was performed based on relative taxa abundance of
the most representative taxa (relative abundance >0.1%) at genus level.

The PLS-DA clearly separated the three experimental groups along
component 1 (51% explained variance) and component 2 (21%
explained variance) (Fig. 4a). Differences among gut bacterial commu-
nities were driven by 5 and 15 taxa (VIP > 1) for component 1 and 2,
respectively (Fig. 4b). At the phylum level, the six most abundant phyla
identified were Tenericutes (Mycoplasmatota), Proteobacteria, Firmi-
cutes, Fusobacteria, Actinobacteria, and Bacteroidetes, in that order
(Fig. 2). Among them, Actinobacteria were influenced by diet, resulting
in a higher amount in fish fed insect exuviae (Fig. 2; Table 5). At the
order level, the PEM fish group showed an enrichment of Actino-
mycetales and Bacillales, whereas Enterobacteriales were more abun-
dant in intestines of fish fed SHM diet as compared to other groups of fish
(Table 5). Representation of the Desulfovibrionales order was signifi-
cantly lower in gut of SHM fish. Accordingly, the Desulfovibrinaceae
family was reduced in this fish group, whereas Corynebacteriaceae,
Aerococcaceae, Staphylococcaceae, and Bacillaceae were in higher
abundance in PEM samples (Fig. 2; Table 5). At the genus level, Cory-
nebacterium and Facklamia were enriched in PEM gut samples; moreover,
only in these fish were Bacillus, Jeotgalicoccus, Brevibacterium,
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Table 4
Results of PERMANOVA analysis performed on Unweighted and Weighted
UniFrac distance data. The significant p-values (p < 0.05) are reported in bold.

PERMANOVA analysis

Unweighted UniFrac distances

Permutation N: 999

Pseudo-F p-value
PEM vs FM 3.67 0.018
PEM vs SHM 4.15 0.006
SHM vs FM 2.06 0.064
feed FM vs feed PEM 14.36 0.109
feed FM vs feed SHM 7.34 0.095
feed PEM vs feed SHM 39.06 0.104
FM vs feed FM 9.85 0.013
PEM vs feed PEM 5.66 0.010
SHM vs feed SHM 3.81 0.017
Weighted UniFrac distances
Permutation N: 999
Pseudo-F p-value
PEM vs FM 1.17 0.304
PEM vs SHM 2.55 0.057
SHM vs FM 3.25 0.050
feed FM vs feed PEM 196.84 0.100
feed FM vs feed SHM 56.42 0.120
feed PEM vs feed SHM 264.99 0.086
FM vs feed FM 17.53 0.018
PEM vs feed PEM 24.27 0.010
SHM vs feed SHM 5.142 0.013
0.2 o *
4 L]
| . R ® FM
1 . -~ ® PEM
L SHM
= 0.0
ﬁ | @ feed FM
v | ° . . » feed PEM
et o feed SHM
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< ..
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Fig. 3. Principal coordinate analysis (PCoA) of Unweighted Unifrac distances
of gut microbial communities associated to different diet. The figures show the
2D plot of individual fish and feed samples according to their microbial profile
at genus level.

Oceanobacillus, and Atopostipes genera detected. Relative abundance of
Photobacterium was higher in intestines of trout fed SHM, in which
Serratia genus was also found. Genus Cetobacterium was only detectable
in great relative abundance in control fish FM (Table 5). Results of
Kruskal-Wallis’s analysis were checked/confirmed by pairwise com-
parison using Welch’s t-test, which detected that 13 and 6 taxa differed
between control and PEM or SHM groups, respectively (Supplementary
Tables 3, 4).

3.5. Predictive functional profiling of gut microbial communities

PICRUSt analysis results of predicted functional pathways in the gut
microbiota showed differences in response to diet. Specifically, eleven
pathways significantly differed between the control group FM and fish
fed the PEM diet (Fig. 5). Gene-encoded proteins involved in nitrogen,
sulfur, glyoxylate and dicarboxylate metabolism, and cell growth were
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Partial Least-Squares Discriminant Analysis on relative abundance data at genus level
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Fig. 4. Score plots of variable importance in projection (VIP) (a) and PLS-DA (b) of gut microbial communities.

in greater abundance in gut microbiota of trout fed PEM than in FM
controls. In the latter, in contrast, a higher number of genes were
involved in DNA replication, RNA translation, and starch and sucrose
metabolism. Twenty functional traits were significantly different be-
tween the FM and SHM fish groups; thirteen of them were improved in
controls (Fig. 6). The total substitution of FM with SHM led to an in-
crease in genes engaged in sulfur and propanoate metabolism, secretion
system, ABC transporters, and folding catalysis. In contrast, in com-
parison with the FM group, glycolysis, lysine and fatty acid biosynthesis,
in addition to DNA replication and RNA translation pathways, were
represented to a lesser degree in the intestinal microbial communities.

3.6. Quantification of SCFAs in fecal samples

Considering the well-known beneficial effects of SCFAs at the in-
testinal level, the effect of dietary chitin derived from PEM and SHM
intake was evaluated by quantifying the fecal content of SCFA in
rainbow trout. The dietary addition of PEM caused a significant increase
in fecal acetic acid, propionic acid, and butyric acid with respect to SHM
and FM diets (p < 0.01). Butyric acid concentration was the lowest in
feces collected from fish fed SHM (p < 0.01). Additionally, the FM-based
diet significantly reduced the concentrations of both acetic acid and
propionic acid (Table 6).

4. Discussion

In this study, we evaluated the effects of including Hermetia illucens
exuviae on gut-associated microbial communities of rainbow trout and
compared these effects with another waste by-product rich in chitin, i.e.,
SHM. For this purpose, a feeding trial was conducted with three iso-
proteic, isolipidic, and isoenergetic diets containing either FM (control
diet), SHM, or PEM (FM and 1.6% of pupal exuviae meal).

Overall, at the end of the 91-day feeding trial, fish showed good
performance in response to the test diets PEM or SHM when compared to
the FM control formulation. This is not surprising and confirms what has

been found in our previous studies and in others already reported in
literature, i.e., partial or total substitution of FM with chitin-containing
insect meals does not negatively affect rainbow trout growth perfor-
mance (Rimoldi et al., 2019; Terova et al., 2021, 2019). However, it is
also true that chitin has been hypothesized to have a potentially negative
impact on fish performance and nutrient digestibility. For instance, it
was recently found in both Nile tilapia (Oreochromis niloticus) and
rainbow trout that chitin can act as a nutrient source as well as an anti-
nutrient because its digestibility is negatively related to dietary inclu-
sion levels (Eggink et al., 2022). The indications that chitin, as a non-
digestible fiber, negatively influences the digestibility of lipids and
proteins have led to a tendency to remove chitin from food and feed.
However, this tendency is changing in light of recent studies showing
the potential application of insect meal and chitin and its derivatives as
effective prebiotics and antibacterial and immunomodulatory com-
pounds in fish feeds (Ahmed et al., 2021; Dawood et al., 2020; Gaudioso
et al., 2021; Rimoldi et al., 2021; Terova et al., 2021, 2019).

Asreported in the literature, the chitin content of pupal exuviae from
black soldier fly is approximately 25% (Triunfo et al., 2022), whereas
the SHM used in this trial contained 35% chitin.

Regardless of the diet, a high abundance of Tenericutes followed by
Proteobacteria and Firmicutes phyla was found by characterizing the
microbial communities in the gut of rainbow trout, which is in agree-
ment with previous reports on the same species (Gaudioso et al., 2021;
Rimoldi et al., 2021, 2019, 2018; Terova et al., 2021, 2019). Tenericutes
were mainly represented by the Mycoplasmataceae family in which, not
surprisingly, Mycoplasma was the dominant genus found in the distal
intestine of rainbow trout (Antonopoulou et al., 2019; Lyons et al., 2017;
Mente et al., 2018). It is considered a gut symbiont of rainbow trout,
which contributes to the host metabolism using dietary substrates to
produce lactic and acetic acid as the main fermentation end-products
(Agerbo Rasmussen et al., 2021; Bolyen et al., 2019; Lyons et al.,
2017). Moreover, Mycoplasma seems to have an essential role in main-
taining gut homeostasis in rainbow trout and a decrease in its abundance
has been related to higher susceptibility to disease and inflammation in
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Table 5
Mean relative abundance (%) + SE (n = 6) of the most prevalent phyla, orders, classes, families, and genera found in the intestine of trout fed with three tested diets.
Different letters indicate differences among means in the same row. ANOVA significance: (*) p < 0.05, (**) p < 0.01.

Taxonomy FM PEM SHM Sig.
Phylum

Bacteroidetes 1.08 + 0.50 2.95 + 1.16 0.29 + 0.17

Firmicutes 0.89 + 0.35 7.73 + 2.92 1.27 + 0.73
Proteobacteria 5.17 + 2.75 15.37 + 5.77 42.47 + 15.00

Tenericutes 85.66 + 8.22 69.50 + 4.52 52.45 + 15.52
Actinobacteria 0.03 + 0.01° 4.31 + 1.57° 0.07 + 0.04° *
Fusobacteria 7.18 + 7.08 0.14 + 0.05 3.45 + 3.30

Class

Bacteroidia 1.07 + 0.49 2.86 + 1.14 0.20 + 0.15

Bacilli 0.30 + 0.13° 6.16 + 2,532 0.91 + 0.52%

Clostridia 0.51 + 0.20 1.37 + 0.49 0.27 + 0.16
Alphaproteobacteria 0.27 + 0.16 0.69 + 0.27 1.60 + 0.69
Deltaproteobacteria 4.56 + 2.80% 13.68 + 6.11% 0.26 + 0.10°
Gammaproteobacteria 0.30 £ 0.10° 0.78 + 0.28" 40.59 + 14.98°

Mollicutes 85.66 + 8.22 69.50 + 4.52 52.45 + 15.52
Actinobacteria 0.02 + 0.01° 4.29 + 1.56% 0.06 + 0.04°
Fusobacteriia 7.18 + 7.08 0.14 + 0.05 3.45 + 3.30

Order

Bacteroidales 1.08 + 0.50 2.90 + 1.16 0.21 + 0.15
Lactobacillales 0.29 + 0.12 2.25 + 0.93 0.76 + 0.42

Clostridiales 0.52 + 0.20 1.38 + 0.50 0.28 + 0.17
Desulfovibrionales 4.57 + 2.80% 13.75 + 6.10% 0.26 + 0.10° ok
Vibrionales 0.12 + 0.004 0.29 + 0.17 1.94 + 1.02
Mycoplasmatales 85.85 + 8.15 70.09 + 4.49 53.28 + 15.57
Actinomycetales 0.02 + 0.01° 4.27 + 1.55% 0.06 + 0.04°
Fusobacteriales 7.27 + 7.17 0.14 + 0.05 3.48 + 3.33
Enterobacteriales 0.05 + 0.02° 0.21 + 0.13" 38.77 + 15.18% e
Bacillales 0.00 + 0.00° 3.98 + 1.64° 0.15 + 0.09°
Family

Streptococcaceae 0.17 + 0.07 0.22 + 0.09 0.10 + 0.05
Erysipelotrichaceae 0.08 + 0.03 0.21 + 0.09 0.09 + 0.06
Desulfovibrionaceae 4.57 + 2.80% 13.74 + 6.10% 0.26 + 0.10° ok
Vibrionaceae 0.12 + 0.04 0.29 + 0.17 1.95 + 1.03
Mycoplasmataceae 85.88 + 8.16 70.06 + 4.49 53.51 + 15.58
Bacteroidaceae 0.48 + 0.23 1.15 + 0.43 0.11 + 0.07
Corynebacteriaceae 0.02 + 0.01° 2.32 + 0.84° 0.03 + 0.02°
Aerococcaceae 0.00 + 0.00° 1.37 + 0.56 0.03 + 0.02° *
Lactobacillaceae 0.05 + 0.04 0.31 + 0.12 0.07 + 0.04
[Tissierellaceae] 0.27 + 0.11% 0.95 + 0.37% 0.08 + 0.05°
Fusobacteriaceae 7.27 + 7.17 0.14 + 0.05 3.49 + 3.33
Enterobacteriaceae 0.05 + 0.02° 0.21 + 0.13° 38.94 + 15.58° **
Moraxellaceae 0.03 + 0.01 0.05 + 0.02 0.30 + 0.07
Staphylococcaceae 0.00 + 0.00° 1.95 + 0.84° 0.03 + 0.02°
Alcaligenaceae 0.02 + 0.01 0.21 + 0.08 0.00 + 0.00
Brevibacteriaceae 0.00 + 0.00 1.10 + 0.38 0.00 + 0.00

Ruaniaceae 0.00 + 0.00 0.21 + 0.08 0.00 + 0.00

Bacillaceae 0.00 + 0.00 1.55 + 0.65 0.02 + 0.02

Genus

Streptococcus 0.24 + 0.07 0.33 + 0.11 0.07 + 0.04

Vibrio 0.14 + 0.02 0.19 + 0.06 2.56 + 1.12

Mycoplasma 12.54 + 4.50 23.37 + 8.14 32.94 + 2.09

Bacteroides 0.89 + 0.22 1.67 + 0.55 0.08 + 0.04
Corynebacterium 0.03 + 0.01° 3.22 + 1.17° 0.05 + 0.03" o
Facklamia 0.01 + 0.00° 1.07 + 0.45% 0.05 + 0.03%
Lactobacillus 0.09 + 0.05 0.44 + 0.16 0.08 + 0.05
Tepidimicrobium 0.30 + 0.09 0.82 + 0.41 0.11 + 0.07

Aeromonas 0.02 + 0.01 0.04 + 0.02 0.27 + 0.14

Shigella 0.01 + 0.01 0.16 + 0.11 1.23 + 0.84

Pasteurella 0.10 + 0.03 0.22 + 0.07 0.00 + 0.00

Acinetobacter 0.04 + 0.01 0.04 + 0.01 0.35 + 0.16

Jeotgalicoccus 0.00 + 0.00 0.28 + 0.10 0.00 + 0.00

Cetobacterium 14.53 + 10.27 0.00 + 0.00 0.00 + 0.00

Bacillus 0.00 + 0.00 0.74 + 0.35 0.07 + 0.00
Photobacterium 0.02 + 0.01° 0.02 + 0.01%° 0.48 + 0.26% *
Brevibacterium 0.00 + 0.00 1.46 + 0.54 0.00 + 0.00

Oceanobacillus 0.00 + 0.00 0.70 + 0.29 0.01 + 0.01

Atopostipes 0.00 + 0.00 0.90 + 0.36 0.00 + 0.00

Serratia 0.00 + 0.00 0.00 + 0.00 0.32 + 0.22
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Fig. 5. Inferred metagenome pathway analysis with PICRUSt between gut microbiome profiles of control (FM) and PEM groups of fish. The extended error bar graph

and statistical analysis were made using STAMP bioinformatics software.

this species (Brown et al., 2019).

When compared to the control diet, we observed more pronounced
changes in the gut microbiota community in response to the PEM diet
than to totally replacing FM with SHM. Trout fed the PEM diet showed
an increase in bacterial species richness as estimated by the Chaol index
and major shifts in gut microbial community composition. Accordingly,
multivariate analysis clustered the PEM dietary group separately from
the other two. Specifically, including 1.6% of exuviae meal led to an
increase in the relative abundance of Actinobacteria families Cor-
ynebacteriaceae and Brevibacteriaceae, and Firmicutes families Staph-
ylococcaceae, Aerococcaceae, and Bacillaceae. Similarly, consumption
of a diet containing 25% of H. illucens exuviae meal increased the
abundance of the Bacillaceae, Staphylococcaceae, Paenibacillaceae
families as well as the Actinobacteria family of Brevibacteriaceae in the
digesta community of sea bass (Rangel et al., 2022a). An increase in
Actinobacteria relative abundance was found in the gut of trout fed
Tenebrio molitor larvae meal supplemented diet, but not so relevant in
sea bass and sea bream (Antonopoulou et al., 2019). Actually, including
dietary fiber, such as chitin, generally shifts the intestinal microbiota
towards Firmicutes and/or Actinobacteria (Bruni et al., 2018; Gaudioso
et al., 2021; Huyben et al., 2019; Rimoldi et al., 2021; Terova et al.,
2019). Interestingly, Firmicutes and Actinobacteria phyla include
several chitin-degrading bacteria species belonging to the genera Pae-
nibacillus, Actinomyces, Bacillus, and Brevibacterium, which usually
became enriched in the intestines of those fish fed a chitin-containing
diet (Callegari et al., 2020; Gaudioso et al., 2021; Rangel et al., 2022a,
2022b; Rimoldi et al., 2021). Accordingly, in the present study, dietary
inclusion of exuviae meal promoted an increase in Corynebacterium and
Facklamia genera compared to other feeding groups, whereas Bacillus,
Brevibacterium, Jeotgalicoccus, Oceanobacillus, and Atopostipes genera

were exclusively related to the PEM diet. From our data, it was evident
that SHM did not lead to an increase in the same bacteria taxa with
notorious chitinolytic capabilities despite its higher chitin content.
Indeed, in trout fed SHM we found that the Gammaproteobacteria class
was enriched with an increase in the relative abundance of the Photo-
bacterium genus and the exclusive presence of Serratia genus in their
intestinal microbiota. However, it is interesting to note that, although
the Gammaproteobacteria class comprises several potential pathogenic
genera, both the Photobacterium and Serratia genera include bacteria
species producing chitinases (Paulsen et al., 2016; Swiontek Brzezinska
et al., 2014).

Similarly, Rangel and colleagues (Rangel et al., 2022a) observed
distinct changes in the digesta gut microbiota profiles in response to
diets tested even when the chitin content of the diets was similar
(1.3-1.8%). Unexpectedly, in their study, the inclusion of 5% of com-
mercial chitin did not lead to an increase in either Firmicutes or Acti-
nobacteria phyla, indicating that the composition and predicted
metabolic capacity of gut microbiota can be modulated differently by
different chitin sources. Actually, the physicochemical properties of
chitin and chitosan may vary among samples, being affected by many
factors, such as the source of chitin and the insect’s life stage. The
exoskeleton of arthropods is naturally formed by various chitin-
associated proteins and lipids and varying degrees of chitin acetyla-
tion (Abidin et al., 2020; Soetemans et al., 2020; Zhang et al., 2000). In
addition, it has been reported that morphology in H. illucens samples is
different than that of shrimp chitin. Chitin of shrimp simply consisted of
different nanofibers with variable thickness without any pores, which
are instead present in H. illucens chitin (Soetemans et al., 2020). The
common idea is that differences in chemical composition, structure
(surface, porosity), and/or solubility of chitin can affect its bio
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Fig. 6. Inferred metagenome pathway analysis with PICRUSt between gut microbiome profiles of control (FM) and SHM groups of fish. The extended error bar graph

and statistical analysis were made using STAMP bioinformatics software.

accessibility.

It is also true that feed pellets containing insect exuviae (PEM)
contained a higher amount of both Firmicutes and Actinobacteria phyla,
whereas microbiota associated with FM and SHM feeds was mainly
composed of Proteobacteria. At the genus level, Corynebacterium, Ba-
cillus, Facklamia, and Brevibacterium were found to be associated with

PEM feed. SHM-based feed showed instead an association with Aero-
monas, Acinetobacter, and Photobacterium genera. These results could
indicate that a microbiota transfer effect takes place from feed to the gut
allochthonous bacterial community. This feed-borne microbiota effect
has been previously reported in rainbow trout and Atlantic salmon
(Gaudioso et al., 2021; Li et al., 2021; Mente et al., 2018). Indeed, feed
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Table 6

Acetic acid, propionic acid and butyric acid amount in fecal samples of fish fed
on FM, PEM, and SHM. Data are shown as mean values + SD (n = 3). Different
letters in the same column indicate significant difference between means (p <
0.05).

Feeding group Acetic acid Propionic acid Butyric acid
(mM) (mM) (mM)

FM 6.42 £ 0.84¢ 0.01 £ 0.01°¢ 0.52 + 0.19"

PEM 16.24 + 0.71% 1.23 + 0.30% 2.04 +0.21°

SHM 13.76 + 0.58" 0.73 £ 0.08" 0.32 £ 0.07°

can contain genetic material from animal and plant species that were
used in its formulation, as well as the microbes associated to those in-
gredients (Karlsen et al., 2022). Although microbial contaminants may
be killed by the high temperature during feed extrusion process, their
DNA fragments may remain. However, this does not mean that the
observed differences at the gut level were simply a consequence of
microbiota transfer from feed; indeed, the PERMANOVA analysis and
the PCoA results confirmed that intestinal communities were signifi-
cantly different from feed-associated bacterial communities.

In fact, predictive functional analysis revealed unique features for
each experimental group. Compared to controls, nitrogen, sulfur,
glyoxylate and dicarboxylate metabolism, and cell growth pathways
were enriched in fish receiving the PEM diet. Whereas the same analysis
revealed that transport system (including ABC transporters), sulfur and
propanoate metabolism, secretion, and folding catalysis were enhanced
in the intestinal microbiota of trout fed the SHM-based diet. In any case,
no predicted functional categories influenced by diet were related to
chitin’s degradation and/or metabolism.

On the other hand, the differences in abundance of taxa belonging to
the Actinobacteria phylum and Bacillus genus between dietary groups
may be indicative of the microbial responses to prebiotic chitin from
insect exuviae meal. The Bacillaceae family includes species, such as
Bacillus subtilis, that represent ideal multifunctional probiotic bacteria
with beneficial effects on nutrient digestion and assimilation and pre-
vention of pathogens development (Olmos et al., 2020; Soltani et al.,
2019; Van Doan et al., 2019). Moreover, it is well known that the dietary
administration of probiotics can also exert a positive effect on the pro-
duction of volatile SCFAs, such as acetate, propionate, and butyrate in
fish intestine. SCFAs are the principal end products of chitin bacterial
fermentation and, in general, of anaerobic bacterial fermentation of
dietary fibers in the gastrointestinal tract. It is well established that
SCFAs, especially butyrate, have several beneficial roles promoting fish
intestinal health, being an energy source for colonocytes, regulating
mucosal homeostasis, and exerting anti-inflammatory effects (Canani
et al., 2011; Hamer et al., 2008; Koh et al., 2016; Rimoldi et al., 2016).

In our study, total SCFA levels, in particular butyrate, were higher in
the feces of trout fed the exuviae-containing diet. In contrast, the total
substitution of FM with SHM positively affected only the amount of
acetic and propionic acid, but not butyrate, which was lower than in
control fish. This increase in SCFA concentrations observed in PEM fish
may be the result of modulation in the microbial population induced by
the insect exuviae. Specifically, Corynebacterium, Bacillus, and Brevi-
bacterium genera represent the major contributors to changes in gut
microbiota composition of the PEM group and may thus connect the
chitin degradation with high SCFA production. Actually, Bacillus and
bacteria genera affiliated with Actinobacteria actinomycetes are
generally identified as chitin degraders (Swiontek Brzezinska et al.,
2014; Lacombe-Harvey et al., 2018). The capacity to produce volatile
SCFAs, specifically acetate, was recently demonstrated for Bacillus sp.
isolated from the gastrointestinal tract of adult Malaysian Mahseer (Tor
tambroides) (Asaduzzaman et al., 2018). Similarly, an insect-based diet
modulated gut microbiota composition and SCFA production by
increasing propionate and butyrate in the ceca of laying hens (Borrelli
et al., 2017). Additionally, in weaned piglets, chitosan-chelated zinc
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modulated ileal microbiota and microbial metabolites propionate,
butyrate, and lactate (Hou et al., 2021). In contrast, there is still a lack of
knowledge surrounding the importance and functionality of the gut
microbiota in fish nutrition (Lokesh et al., 2022).

5. Conclusions

In summary, the present study demonstrates that H. illucens-derived
exuviae exert selective pressure on fish gut microbiota to increasing
bacteria belonging to the Firmicutes and Actinobacteria phyla. In
particular, insect exuviae are a credible candidate prebiotic greatly
affecting the fish gut microbiota by increasing the gut bacterial richness
and the number of beneficial chitin-degrading bacteria, such as Bacillus
genera, thus promoting the microbial synthesis of SCFAs, primarily
butyrate.

Our study has discovered encouraging prospects for the use of insect
exuviae in fish diets as a functional ingredient and may open new op-
portunities for microbiota mediated nutritional optimization in
aquaculture.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.aquaculture.2023.739256.
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