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The aquaculture industry is one of the fastest-growing sectors in animal food production.
However, farming of carnivorous fish strongly relies on the use of wild fish-based meals,
a practice that is environmentally and economically unsustainable. Insect-based diets
constitute a strong candidate for fishmeal substitution, due to their high nutritional value
and low environmental footprint. Nevertheless, data on the impact of insect meal (IM) on
the gut microbiome of farmed fish are so far inconclusive, and very scarce in what concerns
modulation of microbial-mediated functions. Here we use high-throughput 16S rRNA
gene amplicon sequencing and quantitative PCR to evaluate the impact of different IMs
on the composition and chitinolytic potential of the European sea bass gut digesta- and
mucosa-associated communities. Our results show that insect-based diets of distinct
origins differently impact the gut microbiota of the European sea bass (Dicentrarchus
labrax). We detected clear modulatory effects of IM on the gut microbiota, which were
more pronounced in the digesta, where communities differed considerably among the
diets tested. Major community shifts were associated with the use of black soldier fly
larvae (Hermetia illucens, HM) and pupal exuviae (HEM) feeds and were characterized by
an increase in the relative abundance of the Firmicutes families Bacillaceae, Enterococcaceae,
and Lachnospiraceae and the Actinobacteria family Actinomycetaceae, which all include
taxa considered beneficial for fish health. Modulation of the digesta community by HEM
was characterized by a sharp increase in Paenibacillus and a decrease of several
Gammaproteobacteria and Bacteroidota members. In turn, a mealworm larvae-based
diet (Tenebrio molitor, TM) had only a modest impact on microbiota composition. Further,
using quantitative PCR, we demonstrate that shifts induced by HEM were accompanied
by anincrease in copy number of chitinase ChiA-encoding genes, predominantly originating
from Paenibacillus species with effective chitinolytic activity. Our study reveals an
HEM-driven increase in chitin-degrading taxa and associated chitinolytic activity, uncovering
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potential benefits of adopting exuviae-supplemented diets, a waste product of insect
rearing, as a functional ingredient.
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INTRODUCTION

Human demand for fish protein has led to a large expansion
of the aquaculture industry. The production of carnivorous
species is heavily reliant on the use of fish meal (FM) as a
major protein source for aquafeeds (Hoffmann et al., 2020).
The reduced availability of FM and its subsequent increase in
price due to depletion of wild fish stocks, together with
the environmental impacts associated with FM use, is driving
the sector to search for new sustainable feedstuffs
(Gasco et al., 2020a).

Recently, insects started to be tested as a novel animal
protein and lipid source with the potential to be consumed
by humans, livestock, and fish (van Huis et al., 2013; Tomberlin
and van Huis, 2020; van Huis, 2020). In Europe, interest in
insect meal (IM) sparked upon implementation of a European
Union (EU) Directive (Regulation No 2017/893), effective after
July 2017, which authorized the use of seven insect species
in aquafeeds. The nutritional value of insects can greatly vary
depending on species, development stage, or processing method.
Overall, IM protein content can vary between 30% and 68%
dry matter (DM), having a more balanced amino acid profile
than plant feedstuffs, and providing higher levels of essential
amino acids (Nogales-Mérida et al., 2018; Gasco et al., 2020a).
Lipid levels usually fluctuate between 10% and 30% DM
(Nogales-Mérida et al., 2018; Gasco et al., 2020a), but can
be reduced to 9%-5% DM by defatting processes. Moreover,
depending on the species and rearing material, IM presents
a variable fatty acid profile, which can be modulated through
the diets of the insects to meet the needs of a particular fish
species (Barroso et al.,, 2014; Liland et al., 2017; Nogales-Mérida
et al., 2018; Danieli et al., 2019; Benzertiha et al., 2020; Gasco
et al., 2020b; Hoc et al., 2021; Pulido et al., 2022).

From the seven insect species authorized for use in aquafeeds
in the EU, Hermetia illucens (HI) and Tenebrio molitor (TM)
are among the most investigated (Gasco et al, 2019). Both
are commonly used in their larval stage, characterized by a
protein-rich content, and suitable amino acid and fatty acid
profiles for inclusion in aquafeeds (Hawkey et al, 2021).
Additionally, during the different life cycle stages, these insects
go through metamorphosis, leaving behind chitin and protein-
rich exoskeletons or shells, known as exuviae, an untapped
valuable waste for fish feeds (Purkayastha and Sarkar, 2020).
Data on fish growth performance are generally similar between
diets containing HI or TM, with positive outcomes obtained
when the IM inclusion levels are below 30% of the total meal
(Magalhaes et al., 2017; Terova et al., 2019; Caimi et al., 2020,
2021; Hoffmann et al, 2020; Stejskal et al., 2020; Shafique
et al., 2021). Dietary HI or TM inclusions over 30% generally
lead to detrimental effects in growth performance and are
associated with decreases in the apparent digestibility coeflicients

of crude protein and/or lipids (Piccolo et al., 2017; Guerreiro
et al., 2021). The lower digestibility of these ingredients has
been proposed to be correlated with the increased dietary
chitin content, a hypothesis supported by in vitro results (Marono
et al,, 2015) and in vivo trials (Piccolo et al., 2017; Mastoraki
et al., 2020; Guerreiro et al., 2021). Chitin, through a process
called sclerotization, can bind and entrap proteins and lipids
in a structural matrix, such as the one that makes up the
exoskeleton of Arthropoda (Resh and Cardé, 2009). This leads
to reduced access of proteases and lipases to their substrates,
leading to a lower IM digestibility (De Marco et al, 2015).
This has been verified in digestibility trials with IM-containing
diets (Piccolo et al., 2017; Chemello et al., 2020; Guerreiro
et al., 2021). Therefore, for more efficient use of IM, chitinolytic
activity is required. Endogenous chitinolytic activity has been
detected in the digestive system of some marine fish such as
juvenile cobia (Rachycentron canadum) and cod (Gadus morhua;
Danulat and Kausch, 1984; Fines and Holt, 2010), although
it was found to be lacking in others including turbot (Psetta
maxima) and meagre (Argyrosomus regius; Kroeckel et al., 2012;
Guerreiro et al,, 2021). In European sea bass (Dicentrarchus
labrax), although chitinase-encoding genes have been found
(Calduch-Giner et al., 2016), to the best of the authors knowledge,
no chitinolytic activity measurements have been made.

The gastrointestinal (GI) tract, however, depends not only
on its endogenous enzymes for the digestive process. Fish and
other animals rely on symbiotic relationships with their GI
tract microbial community, which through enzymatic secretion,
can breakdown specific, otherwise indigestible dietary
components, such as chitin, and thereby help hosts to obtain
energy from inaccessible nutrient sources (Roeselers et al,
2011; Ray et al.,, 2012; Tremaroli and Bédckhed, 2012). Dietary
changes create different nutrient niches by promoting the use
of novel substrates by different microbes (Ringo et al., 2015;
Serra et al, 2021). Such alterations in fish gut microbiomes
can alter the microbial digestive enzymatic contribution,
and ultimately, lead to a better use of novel ingredients
(Gasco et al.,, 2021).

Understanding the main modifications of fish gut microbiota
due to dietary composition, as well as microbiota’s role in
digestion and host fitness, is important for the successful
introduction of novel ingredients into aquafeeds. However,
regarding IM in fish diets, data on the species-specific gut
microbiota responses to chitin-containing diets and their
mediated processes are still scarce, or non-existent for the
case of exuviae diets (Perry et al., 2020). As such, this study
aimed to assess the effect of three different IM, namely, HI
and TM larvae meals, and HI exuviae meal (HEM), on European
sea bass gut microbiota using Illumina MiSeq 16S rRNA gene
amplicon sequencing. To help elucidate the impact of chitin
on the gut microbiota, a control FM-based diet supplemented
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with commercial chitin was also included. As previous studies
have reported different responses of digesta- and mucosa-
associated gut communities to dietary changes (Serra et al,
2021), we have here analyzed the impact of IM in these two
intestinal sites separately. Additionally, using quantitative PCR
targeting bacterial chitinase genes, we aimed to unveil the
potential chitinolytic contribution of the microbiota under
different diets.

MATERIALS AND METHODS

Experimental Diets and Proximate Analysis
Five isoproteic (45%) and isolipidic (18%) diets were formulated:
a control diet (CTR); a diet similar to the CTR with 5%
commercial chitin (Sigma-Aldrich Quimica, S.L., Sintra, Portugal)
supplementation (CHIT5); and three other diets with 25%
inclusion of partially defatted black soldier fly (Hermetia illucens)
larvae meal (HM25); 25% inclusion of partially defatted yellow
mealworm (Tenebrio molitor) larvae meal (TM25); and 25%
inclusion of H. illucens exuviae meal (HEM25), respectively.
The inclusion of the HM (crude protein: 60.3% dry matter
(DM); gross lipid: 6.4% DM; chitin 6.8% DM), TM (crude
protein: 69.5% DM; gross lipid: 14.1% DM; chitin 5.2% DM)
and HEM (crude protein: 64.3% DM; gross lipid: 8.1% DM;
chitin 7.2% DM) corresponded to a 39%, 51%, and 46% of
FM replacement, respectively. Diets were supplemented with
monoammonium phosphate to avoid phosphorus imbalance.
All dietary ingredients were finely ground, well mixed, and
dry pelleted in a laboratory pellet mill (California Pellet Mill,
CPM Crawfordsville, IN, United States) through a 2mm die.
The pellets were then dried in an oven at 40°C for 24h and
stored at —20°C in airtight bags until used. Ingredients and
proximate composition of the experimental diets are presented
in Supplementary Table 1. Chemical analysis of the ingredients
and experimental diets (dry matter, protein, lipid, and ash)
was done following the Association of Official Analytical
Chemists methods (AOAC, 2000). HM, TM, HEM and the
final diets formulated with these meals were analyzed for chitin
composition according to Guerreiro et al. (2020).

Animals and Experimental Conditions

The trial was directed by accredited scientists (following FELASA
category C recommendations) and conducted according to the
European Union Directive (2010/63/EU) on the protection of
animals for scientific purposes. European sea bass (Dicentrarchus
labrax) were obtained from Sonrionansa (Cantabria, Espaia),
and transported to the Marine Zoology Station (Porto University,
Porto, Portugal), where the experiment was conducted. After
transport, fish were submitted to a quarantine period of 4 weeks.
During this period, fish were fed a commercial diet (18%
lipids and 44% protein, Aquasoja Sustainable Feed; Sorgal,
Ovar, Portugal). Thereafter, 15 groups of 15 fish with an initial
mean body weight of 53.7 £2.67 g were established. Experimental
diets were randomly assigned to triplicate tanks. The trial was
conducted in a recirculating aquaculture system equipped with
15 fiberglass tanks of 100L water capacity, thermo-regulated

to 22.7+0.3°C and supplied with a continuous flow of seawater
(36.0+£0.5gL" salinity, circa 7mgL™" oxygen). The photoperiod
was set, with artificial illumination, to 12:12h light:dark. The
trial lasted 8weeks, and fish were fed by hand twice a day,
6days per week, until apparent visual satiation. At the end of
the feeding trial, all fish reached 2.1-2.2 times their initial
body weight, as determined by randomly weighing one fish
per tank.

Sampling

Two fish per tank were randomly sacrificed with an anesthetic
overdose (3.0mlL™" ethylene glycol monophenyl ether), 4h
after the first meal, to assure presence of digesta in the gut.
Whole-gut (without pyloric caeca) was aseptically excised and
squeezed to collect the digesta contents. Mucosa samples were
obtained by scraping the internal intestinal mucosa after opening
the intestines in their longitudinal axis. To overcome inter-fish
variation, the resulting material from the two fish was pooled
into one sample per tank, immediately frozen in liquid nitrogen
and stored at —80°C until further analysis to assess differences
between dietary groups.

DNA Extraction

DNA was extracted from 250mg of either the collected gut
contents or gut mucosa, which were transferred to 2-ml sterile
tubes containing 400mg of 425-600pm glass beads (Sigma-
Aldrich, Germany) and 500 pl of STE buffer. The samples were
homogenized in a Precellys homogenizer (Bertin Instruments,
France) using 3cycles of 60s at 4,500rpm with 60s intervals
on ice between cycles. The samples were incubated for 15min
at 75°C, centrifuged (16,000¢ for 1 min at 4°C) and 500pl of
supernatant was collected to a new 2-ml sterile tube. DNA
was extracted from the supernatant, using the GES buffer (5 M
guanidine thiocyanate, 0.5M EDTA, 10% N-lauroylsarcosine)
and phenol methodology of Pitcher et al. (1989), with the
modifications described by Santos et al. (2021). Nucleic acid
pellets were finally resuspended in 50 pl of nuclease free water.
As a negative control for the extraction procedure, a sample
with only the lysis buffer was processed in parallel with
all samples.

Amplification and Sequencing of the 16S
rRNA Genes

Amplification of bacterial and archaeal 16S rRNA genes from
DNA extracts was performed with a two-step barcoding approach
(UDB-H12; Pjevac et al, 2021). In the first-step PCR, the
primers 515F (5-GTGYCAGCMGCCGCGGTAA-3’; Parada
et al., 2016) and 806R (5'-GGACTACNVGGGTWTCTAAT-3";
Apprill et al., 2015), including a 5-head sequence for 2-step
PCR barcoding, were used. PCRs, barcoding, library preparation
and Ilumina MiSeq sequencing were performed by the Joint
Microbiome Facility (Vienna, Austria) under project number
JMEF-2002-2. First-step PCRs were performed in triplicate (12.5 pl
vol per reaction) with the following conditions: 1X DreamTaq
Buffer (Thermo Fisher), 2mM MgCl, (Thermo Fisher), 0.2mM
dNTP mix (Thermo Fisher), 0.2uM of forward and reverse
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primer each, 0.08 mgml™" Bovine Serum Albumin (Thermo
Fisher), 0.02U Dream Taq Polymerase (Thermo Fisher), and
0.5p] of DNA template. Conditions for thermal cycling were:
95°C for 3min, followed by 30cycles of 30s at 95°C, 30s at
52°C and 50s at 72°C, and finally 10min at 72°C. Triplicates
were combined for barcoding (with eight PCR cycles). Barcoded
samples were purified and normalized over a SequalPrep
Normalization Plate Kit (Invitrogen) using a Biomek NXP
Span-8 pipetting robot (Beckman Coulter), and pooled and
concentrated on PCR purification columns (Analytik Jena).
Indexed sequencing libraries were prepared with the Illumina
TruSeq Nano Kit as described previously (Herbold et al.,, 2015),
and sequenced in paired-end mode (2x 300bp; v3 chemistry)
on an Illumina MiSeq following the manufacturer’s instructions.
The workflow systematically included four negative controls
(PCR blanks, i.e., PCR-grade water as template) for each 90
samples sequenced.

Analysis of 16S rRNA Gene Amplicon
Sequences

Amplicon pools were extracted from the raw sequencing data
using the FASTQ workflow in BaseSpace (Illumina) with default
parameters (Pjevac et al., 2021). Input data were filtered for
PhiX contamination with BBDuk' (BBTools, Bushnell B).
Demultiplexing was performed with the python package
demultiplex (Laros JFJ)* allowing one mismatch for barcodes
and two mismatches for linkers and primers. DADA2 R package
version 1.16.0° (R 4.0.2; Callahan et al., 2016a) was used for
demultiplexing amplicon sequencing variants (ASVs) using a
previously described standard protocol (Callahan et al., 2016b).
FASTQ reads were trimmed at 150nt with allowed expected
errors of 2. Taxonomy was assigned to 16S rRNA gene sequences
based on SILVA taxonomy (release 138) using the DADA2
classifier (Callahan et al., 2016a). ASV's assigned as Chloroplast
were considered dietary plant chloroplast contaminants and
removed from the analysis. Sequencing of an extraction control
yielded only nine reads, part of these classified as a Pseudomonas
sp. ASV (ASV_lwc_fxo), a common contaminant found in PCR
reagents that was therefore also removed from analysis. In
addition, we did find five reads belonging to ASV_tnz_8cx
(average read abundance across non-control samples: 478 reads)
and ASV_hek_qlg (average read abundance across non-control
samples: 187 reads). As these ASVs are present in the samples
in high abundance, we do believe that very few reads detected
in the negative control may not be derived from contaminants
(water or others) in reagents, but from the well-known low
levels of cross-contamination that can be detected when handling
multiple samples in parallel (Minich et al, 2019) and were
therefore retained for further analysis. Amplicon sequence
libraries were rarefied to 3,100 reads per sample and analyzed
using the vegan (v2.5-.6; Oksanen et al, 2020) and phyloseq
(v1.30.0; McMurdie and Holmes, 2013) packages of the software
R® (R 4.0.2). A total of 740 unique ASVs were retained after

'https://sourceforge.net/projects/bbmap/
*https://github.com/jfjlaros/demultiplex
*https://www.r-project.org/

filtering and rarefying. Sample coverage, alpha-diversity metrics,
Bray-Curtis dissimilarity and non-metric multidimensional
scaling (NMDS) were calculated using the phyloseq R package.
Ellipses were drawn on NMDS plots using vegan’s
veganCovEllipse() function. Rarefaction curves were generated
using the vegan’s function rarecurve(). DESeq2 (v1.26.0; Love
et al,, 2014) implemented in phyloseq was used to determine
significant differences in ASV, genera and family abundances
between diets and/or intestinal sampling site. Only ASVs that
had in total >10 reads were considered for comparisons by
DESeq2 analyses. All statistical analysis on microbiome data
were carried out via the software R (R 3.6.2), and statistical
tests and value of p are indicated in the main text and
figure legends.

Ampilification of Chitinase A Genes

Forward (5-GATATCGACTGGGAGTTCCC-3") and reverse
(5'-CATAGAAGTCGTAGGTCATC-3")  primers previously
developed to target the Chitinase gene A (chiA) from bacteria
of marine environments (Ramaiah et al., 2000) were used to
detect and quantify the presence of bacterial ChiA-encoding
genes in the digesta and mucosa of the European sea bass,
as well as in the genomes of Paenibacillus spp. isolates. Initial
PCR amplifications to check primer specificity were performed
on DNA samples from the digesta of fish fed the HEM25
diet, using the following conditions: 1X DreamTaq Buffer
(Thermo Fisher), 2mM MgCl, (Thermo Fisher), 0.2 mM dNTP
mix (Thermo Fisher), 0.2pM of forward and reverse primer
each, 0.08 mgml™" Bovine Serum Albumin (Thermo Fisher),
0.02U Dream Taq Polymerase (Thermo Fisher), and 2pl of
DNA template for a total 20l reaction volume. Conditions
for thermal cycling were: 95°C for 4min, followed by 30cycles
of Imin each at 95°C, 55°C, and 72°C, and finally 10min at
72°C. PCR products were checked on a 0.8% agarose gel for
any visible primer dimer or double bands. Triplicates were
combined and purified with the innuPREP PCRpure Kit (Analytik
Jena). Clean PCR products were pooled and ligated and
transformed into vectors using the TOPO® TA Cloning® kit
(Thermo Fisher) according to the manufacturer’s protocol.
Clones were checked using PCR with the universal M13 forward
and reverse primers and the purified PCR product was sent
for Sanger sequencing at the company Microsynth Austria
GmbH. The sequencing results were analyzed by BLASTX
against a database of non-redundant bacterial and archeal
protein sequences from NCBI* to check for specificity of
the primers.

Quantitative PCR of chiA Gene Copy
Number Density

Extracted digesta and mucosa DNA (2 pl) was subjected to
quantitative PCR using 0.2 pM of primers specifically targeting
bacterial chiA (Ramaiah et al., 2000) and 1x SYBR green
Master Mix (Bio-Rad) in a total reaction volume of 20 pl
Standard curves were generated from a 416bp PCR fragment

*https://www.ncbi.nlm.nih.gov/
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amplified from a clone containing a chitinase sequence 100%
identical to a ChiA sequence from Paenibacillus thiaminolyticus
(NCBI accession number: WP_143798588.1). The purified
PCR product was quantified using a Qubit dsDNA BR Assay
Kit in a Qubit 4 fluorometer (Thermo Fisher). For standard
preparation, a 10-fold dilution series was prepared from 10°
to 10° copies per pl and checked for optimal efficiency.
Amplification and detection were performed using a CFX96™
Real-Time PCR Detection System (Bio-Rad) using the following
cycling conditions: 95°C for 5min, followed by 40 cycles of
92°C for 1min, 55°C for 1min, and 72°C for 1min. To
determine the specificity of PCR reactions, melt curve analysis
was carried out after amplification by slow cooling from
95°C to 60°C, with fluorescence collection at 0.3°C intervals
and a hold of 10s at each decrement. Only assays
with amplification efficiencies above 85% were considered
for analysis.

Phylogenetic Analysis

A reference tree was constructed using near full-length 16S
rRNA gene reference sequences (>1,200bp) derived from
selected isolates using IQ-TREE server (Trifinopoulos et al.,
2016) with automatic model selection (TIM3+F+1+G4) and
ultra-fast bootstrapping with 1,000 replicates. Query sequences
from ASVs and isolates obtained in this study were then
added to the reference tree using the Evolutionary Placement
Algorithm of RAxML (Stamatakis, 2014), wusing the
GTRGAMMA model.

Bacterial Isolation, Identification, and
Chitinolytic Assays

Paenibacillus spp. were isolated from a 1:5 (wt:vol) dilution
of each pooled digesta sample immediately before freezing.
Serial dilutions (107° 107!, 102, 1073, and 10™*) in Bott &
Wilson (B&W) salts were heat treated for 20min at 65°C
(Nicholson and Setlow, 1990), spread on Luria Bertani (LB)
medium plates and incubated for up to 96 h at room temperature
(25+1°C). Colonies with the distinct morphologies were purified
and stored at —80°C in 25% glycerol. Chitinolytic activity was
evaluated by the presence of a chitin-hydrolysis halo around
colonies of each isolate when grown up to 14days at 28°C
in a chemically defined media (w/v, 0.648% Na,HPO,, 0.3%
KH,PO,, 0.05% NaCl, 1% NH,CI, 0.02% MgSO,, 0.01% Yeast
extract, 1% colloidal chitin) containing 1.6% (w/v) agar. The
Chromobacterium violaceum ATCC 12472, known to possess
chitinolytic activity, was used as a positive control (Liu et al.,
2013). The chromosomal DNA of each isolate was purified
from a 2ml overnight LB culture (37°C, 120rpm) using the
ZymoBIOMICS™ DNA Miniprep Kit (Zymo Research Corp.,
Irvine, CA, United States), according to the manufacturer
instructions. Isolates identification was done by partially
sequencing (STABVIDA, Caparica, Portugal) the 16S rRNA
gene, previously amplified by PCR with oligonucleotide primers
16S-27F and 16S-1492R (Weisburg et al., 1991), and analyzed
by BLAST against the GenBank nonredundant (nr) nucleotide
database.*

RESULTS

To understand the impact of different IM types on the European
sea bass gut microbiota, fish were fed five isoproteic and
isolipidic diets, including: a control FM-based diet (CTR), a
CTR diet supplemented with 5% of a commercial chitin from
shrimp shells (CHITS5), and three diets including 25% of TM
or HI larvae meals or HI exuviae meal (diets TM25, HM25 and
HEM?25, respectively; Figures 1A-C; Supplementary Table 1).
Dietary chitin content was similar among these diets (1.3%
in TM25, 1.7% in HM25 and 1.8% in HEM25). Digesta (gut
content) and mucosa samples (scraping of the mucosa from
emptied gut) were collected and DNA was isolated and subjected
to Illumina MiSeq sequencing of the V4 region of the 16S
rRNA gene. After quality filtering, a total of 311,727 high-
quality sequences were retained with an average of 10,390
high-quality sequences per sample. Sequencing of a DNA
extraction control sample yielded a very low number of reads
(<10 reads), partly belonging to a clear contaminant found in
PCR reagents (Pseudomonas sp.). This ASV and all ASVs
classified as chloroplast were removed from our analysis
(see Materials and Methods). After rarefying, the ASV
coverage was higher than 0.97 for all sequenced samples
(Supplementary Table 2), indicating that sequencing depth
was adequate to capture most of the diversity present
(Supplementary Figure 2). Overall, the European sea bass gut
microbiota was dominated by the phylum Proteobacteria (68.3%
in relative abundance), followed by Firmicutes (17.2%),
Actinobacteria (8.4%) and Bacteroidota (2.3%; Figure 1D;
Supplementary Table 3). Within the phylum Proteobacteria
there is a dominance of organisms belonging to the
Alphaproteobacteria orders Rhizobiales and Sphingomonadales,
and Gammaproteobacteria orders Burkholderiales and
Pseudomonadales (Figure 1D). The majority of Firmicutes
belong to the order Lactobacillales (Figure 1D). Actinobacteria
organisms mostly belonged to the order Corynebacteriales and
to the potential pathogenic order Micrococcales.

Digesta and Mucosa Harbor Distinct
Microbial Communities

We found that there is a stronger impact of the intestinal site
sampled (digesta vs. mucosa) when compared with the impact
of the tested diets on the beta-diversity variation of gut
communities (Figure 2A; p=0.031, Wilcoxon test). Indeed,
the beta-diversity analysis revealed a significant overall impact
of the sampled intestinal site on community composition, with
microbial communities from digesta and mucosa clustering
separately (p=0.004, r*=0.247, PERMANOVA, Figure 2B).
Additionally, we found that, on average, only 33% of the total
ASVs detected for each pair of digesta and mucosa samples
are shared between the two (Figure 2D), although no physical
separation exists between them. Digesta communities are more
diverse than their mucosal counterparts (Figure 2C;
Supplementary Table 4), displaying significantly higher richness
(199.2+22.6 vs. 181.3+38.1 observed ASVs, p=0.041, paired
Wilcoxon test) as well as a greater Inverse Simpson diversity
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FIGURE 1 | Feeding diets and gut microbiota composition of the European sea bass. (A) Three tanks containing 15 Dicentrarchus labrax fish each were fed with
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index (11.4+4.9 vs. 7.5+£2.4, p=0.008, paired Wilcoxon test).
These results are in line with our analyses that show that
higher percentages of total ASVs tend to be uniquely associated
with the digesta compared with the mucosa (Figure 2D).
We next sought to investigate which species are preferentially
found in each of the two intestinal sampling sites. Differential
abundance analysis with DESeq2 revealed that the mucosa is
significantly enriched for the genus Granulicatella of the family
Carnobacteriaceae  (Figure 2E; Log2 fold change=5.0,
adjusted-p=9.1E-6, Wald test followed by Benjamini-Hochberg
correction for multiple testing), as well as for several
typically mucosal-associated Firmicutes and Proteobacteria
genera such as Vibrio, Veillonella, Neisseria, or Haemophilus
(Figure 2E, Log2 fold change >2, adjusted-p<0.05). Digesta

communities are in turn enriched in many Bacillaceae
genera, Pseudomonas, Legionella, as well as Actinobacteria
genera such as Corynebacterium, Mycobacterium, Brevibacterium,
or Aeromicrobium (Figure 2E, Log2 fold change <-2,
adjusted-p <0.05).

Impact of Distinct IM on the European Sea
Bass Gut Microbiota

Beta-diversity analysis of samples from fish fed the experimental
diets revealed an overall impact of diet on the composition
of the European sea bass gut microbiota (p=0.004, r*=0.244,
PERMANOVA, Figure 3A). Among the tested diets, HI diets
led to more pronounced shifts in microbial community
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composition, with major shifts detected in HEM25 (p=0.041,
r#=0.199, PERMANOVA; Supplementary Table 5). The shifts
are accompanied by a slight increase in alpha diversity
(Figure 3B), although this increase was not statistically significant.
This is in line with other studies where IM-based diets were
fed to the European sea bass (Antonopoulou et al, 2019;
Pérez-Pascual et al., 2020; Panteli et al., 2021).

Because the sampling habitat (mucosa vs. digesta) strongly
influences community composition, as shown above, the impact

of the diets on each of the two sampled sites were also analyzed
independently. We did not observe any diet-driven significant
alterations in alpha diversity within samples coming from
either site (Supplementary Figure 1). However, results show
that the type of diet more strongly influences the digesta
community than the mucosa community (Figure 3A;
Supplementary Figure 1; Supplementary Table 5). Both
HI-derived diets (HM25 and HEM25) lead to a digesta-specific
increase in the relative abundance of the phylum Firmicutes,
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while the relative abundance of this phylum decreases in fish
fed the TM diet (Figures 1D, 3C). In contrast, both the phylum
Bacteroidota and the class Alphaproteobacteria are significantly
decreased in relative abundance in fish fed the HEM25 diet
(Figure 3C). In the mucosa, the only major shift at a high
taxonomic level was detected for the order Chitinophagales
in fish fed a diet supplemented with the commercial shrimp
chitin (CHIT5; Figure 3D). At lower taxonomic levels no
significant shifts were detected in fish fed a CHIT5 diet
(adjusted-p <0.05, DESeq2 analysis; Supplementary Table 6).
Microbiota modulation by the mealworm-based diet (TM25)
was modest and occurred only in the digesta, being characterized

by an increase in the Betaproteobacteria genus Cupriavidus
(from 0.3% to 2.3% increase in relative abundance), and by
decreases in the family Lactobacillaceae and the genus
Ligilactobacillus, which decreases from 11.2% to 4.9% in relative
abundance (adjusted-p <0.05, DESeq2 analysis; Supplementary
Table 6).

To better understand the modulatory effect of HEM and
HM, we proceeded to identify specific microbial families and
genera that had altered abundances due to HEM or HM
inclusion in the diets using DESeq2. A total of 50 taxa (22
families and 28 genera) and 12 taxa (five families and seven
genera) were found to be differentially abundant in the digesta

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 831034


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Rangel et al.

Gut Microbiota Modulation by Insect Meals

of fish fed the HEM25 or HM25 diets, respectively, when
compared with the CTR diet (Figure 4; Supplementary Table 6:
adjusted-p<0.05, Wald test followed by Benjamini-Hochberg
correction for multiple testing). Of these, the vast majority
(40 out of 50 taxa for the HEM25 diet, and all 12 taxa of
the HM25 diet) were shown to be more abundant in the
HEM an HM diets compared with the CTR (Figure 4). These
taxa largely belong to the phylum Firmicutes, and to a less
extent to the phylum Actinobacteria, in line with the results
presented above (Figures 1A, 2C). Taxa who increase in
abundance on both diets correspond to the genera Oceanibacillus,
Amphibacillus and unclassified Bacillaceae (family Bacillaceae,
which sharply increases from 1.0% to 12.8% and 12.4% in
relative abundance for HM25 and HEM25 diets, respectively),

Actinomyces (Actinomycetaceae), Enterococcus (Enterococcaceae)
and Lachnospiraceae. Consumption of HEM25 diet, but not
of HM25, leads to a further increase in the Firmicutes genera
Paenibacillus (Paenibacillaceae; from not detected to 5.5% in
relative abundance) and Staphylococcus (Staphylococcaceae, from
1.1% to 14.8% in relative abundance), Planococcaceae, as well
as in several Actinobacteria families such as Brevibacteriaceae
and Micrococcaceae (an increase from 0.2% to 6.0%, and from
0.5% to 3.4% in relative abundance, respectively; Figure 4,
panel “Dif. abundant HEM25”; Supplementary Tables 3, 6).
In turn, organisms whose abundance decreases upon consumption
of the HME25 diet belong predominantly to the class
Alphaproteobacteria (Legionellaceae, Vibrionaceae, Erwiniaceae;
Figures 2C, 4). Increase in the abundance of the Staphylococcaceae
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FIGURE 4 | Genus and Family-level shifts induced by Hi-based diets. Heat map showing transformed (log2 base) normalized read counts of genus and family-level
taxa found to be differentially abundant in the guts of fish fed HM25 vs. a CTR diet, or fed a HME25 vs. CTR diet, based on DESeq2 analysis (adjusted value of
p<0.05, Wald test followed by Benjamini-Hochberg correction for multiple testing). Top three panels show taxa differentially abundant in digesta-originating samples
or in both digesta and mucosa samples (marked with an asterisk), while the bottom panel shows taxa differentially abundant in mucosa-originating samples only.

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 831034


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Rangel et al.

Gut Microbiota Modulation by Insect Meals

genus Nosocomiicoccus is only observed in fish fed the HM25
diet, but not the HEM25 diet (Figure 4; panel “Dif. abundant
in HM25”). Shifts in abundance of many of these taxa were
also detected for mucosal-associated communities and tended
to follow the same trends as for the digesta communities (with
few exceptions), although these were found not to be statistically
significant (Figure 4; adjusted-p>0.05, Wald test followed by
Benjamini-Hochberg correction for multiple testing). The only
taxa that significantly changed in abundance in the mucosa
are the family Vibrionaceae and the Vibrio genus, which increases
in abundance upon consumption of the HM?25 diet, and
the genus Ligilactobacillus (family Lactobacillaceae), which
decreases upon consumption of the HEM25 diet (Figure 4,
bottom panel).

HI Exuviae Diet Drives an Increase in
Abundance of Chitinase-Encoding
Paenibacillus Species With Effective
Chitinolytic Activity

Chitin degradation has been shown to enhance host and
microbiota utilization of otherwise inaccessible proteins and
lipids present in IM-based diets (De Marco et al, 2015).
Genomic potential for chitin degradation and/or proven
chitinolytic activity has been demonstrated for many bacteria
of marine environments, including Gamma- and Beta-
proteobacteria, Cyanobacteria, Bacteroidetes, Actinobacteria and
Firmicutes (Ramaiah et al., 2000; Kawase et al., 2004; Hobel
et al., 2005; Paulsen et al., 2016; Enke et al., 2018). Among
the different reported types of bacterial chitinases (Orikoshi
et al., 2005; Martinez-Zavala et al., 2020), ChiA has proven
useful as a molecular marker for chitinase presence due to
its high degree of sequence conservation and occurrence in
a large array of phylogenetically distant organisms (Ramaiah
et al., 2000; Hobel et al., 2005). To determine whether the
dramatic shifts in microbial community structure and
composition observed for the HM25 and HEM25 diets were
accompanied by an increase in microbial chitinolytic potential,
we screened samples for the presence of chiA using primers
targeting a conserved region of the gene (Ramaiah et al., 2000).
To confirm the selectivity of the primers, amplicon products
were cloned and sequenced. All sequenced clones (n=15)
contained sequences matching chitinases. The vast majority
(73%) of the chitinase sequences display high similarity
(67.16%-98.78%) with chitinases originating from Paenibacillus
sp. (Paenibacillus thiaminolyticus and Paenibacillus solanis or
closely related organisms), followed by Streptomyces sp. (27%),
with a single clone containing a sequence identical to a chitinase
from the Pelomonas puraquae (Figure 5A). Using quantitative
PCR we show that chiA is detected in the digesta of fish on
all diets, but fish fed the HEM25 diet have significantly higher
copy numbers of chiA compared to fish fed the CTR or any
of the other diets (2.4+0.2E04 vs. 3.7+1.7E03 copies per gram
of digesta; Figure 5B, p=0.0077, ANOVA). Levels of chiA
were below the limit of detection (10 copies per pl of DNA
or 2E03 copies per gram of digesta) for all mucosal samples
tested. These results show an increased chiA-driven chitinolytic

potential of the European sea bass digesta microbiota fed a
HEM25 diet.

Further, phylogenetic analysis of Paenibacillus 16S rRNA
gene amplicon sequences revealed that two of the ASVs identified
in our study (ASV_eox_xvi and ASV_jbc_4sr) are highly related
to P thiaminolyticus (100% identity) and P solanis (97.2%
identity), respectively (Figure 5C). Interestingly, both of these
ASVs increased in relative abundance in fish fed the HEM25
diet (Figures 5D,E), thus potentially explaining the increased
chiA levels associated with the HEM25 microbiota. To confirm
that the increase in chiA copy number could be translated
into an increase in effective microbiota-driven chitinolytic
activity, we screened a collection of spore-forming organisms
isolated from the guts of these fish for the presence of Paenibacillus
isolates with chitinolytic capacity (Rangel et al., manuscript
in preparation). All recovered Paenibacillus isolates displayed
chitinolytic activity (Figure 5C, Isolates FI1698, F1620, F1622,
and FI710; see Materials and Methods). Based on phylogenetic
analyses we confirm that two of these isolates (FI698 and
FI1710) are highly related (>98% identity) to the identified
Paenibacillus ASVs mentioned above, and at least one of these
isolates (FI698) contains a copy of chiA. Together, these results
demonstrate that the HEM25 diet, but not any of the other
IM diets, is able to modulate the fish digesta microbiota leading
to an increase in the abundance of several chitinolytic
Paenibacillus spp. and to overall microbiota-associated chitinolytic
potential.

DISCUSSION

The rapid expansion of aquaculture dictates that, for a sustainable
industry, aquafeeds must be adapted to the available resources.
Changes in fish dietary regime, with the inclusion of novel
ingredients such as IM, could however, reshape the microbial
communities present in the digestive tract. As aquaculture turns
to the inclusion of insect protein in fish diets, understanding
microbial community responses to these ingredients is paramount.
Several studies have evaluated the effects of IM-based diets
on fish growth and digestibility (Nogales-Mérida et al., 2018),
however, studies on its impact on the gut microbiota of marine
fish are still in low number and in certain cases, inconclusive
(Antonopoulou et al., 2019; Joézefiak et al, 2019; Li et al,
2021; Panteli et al., 2021; Rimoldi et al., 2021; Terova et al.,
2021; Tran et al., 2022). In this study, we unveil shifts occurring
on European sea bass digesta- and mucosa-associated gut
microbial communities in response to three different IM
including, for the first time, an IM based on pupae exuviae.

Microbial composition analysis of the mucosa and digesta
communities revealed high abundance of Proteobacteria,
Firmicutes and Actinobacteria in the guts of the European
sea bass in aquaculture, in agreement with previous reports
(Kokou et al., 2019; Rimoldi et al., 2020; Serra et al., 2021).
In this study we observed that mucosal communities are less
diverse than digesta communities and are more resilient to
changes induced by IM-based diets. These findings demonstrate
that the intestinal sampling site acts as a filter, enabling the
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establishment of distinct microbial communities along the
cross-sectional axis of the gut, similarly to what has been
documented longitudinally along the different compartments
of the European sea bass gastrointestinal tract (Kokou et al.,
2019). The resilience of mucosa-associated communities of
marine fish to dietary changes has been reported in other
studies (Li et al., 2021; Serra et al, 2021), and is likely to
be the result of stable symbiotic relationships established with
the host and other microorganisms upon adhesion to the
mucosal surface. Within the intestinal lumen, however, constant
renovation of dietary nutrients and associated niches might
allow the co-existence of otherwise competitive exclusive bacteria
and, thus, greater variability (Pereira and Berry, 2017).
Additionally, the lower richness and diversity of the
autochthonous microbiota could also indicate that several
allochthonous microorganisms do not possess the necessary
characteristics to colonize the mucosal surface of the host
(Gajardo et al.,, 2016; Serra et al., 2021).

Dietary components promoted pronounced digesta-associated
microbial community shifts (Figure 3). When compared to
the control diet, both HM25 and HEM25 lead to an increase

in the relative abundance of the phylum Firmicutes in the
digesta-associated microbial communities, whereas TM25 lead
to a decrease. In fact, the increase of Firmicutes, generally
thought to be advantageous due to the multiple beneficial
bacteria known within this phylum (Perry et al, 2020; Van
Doan et al., 2020; Ringe et al., 2020a,b), appears to be consistent
independently of the fish species fed HM (Foysal and Gupta,
2022). At the family level, both HM diets lead to an increase
of the families Bacillaceae, Enterococcaceae, and Lachnospiraceae
(all Firmicutes), all of which contain species with beneficial
potential: the Bacillaceae family is known to possess species
with identified probiotic abilities such as the Bacillus subtilis
(Butt and Volkoff, 2019; Van Doan et al., 2020; Ringe et al.,
2020b); Enterococcaceae are known to produce antibacterial
compounds and to display probiotic abilities, increasing the
fish immunologic response and resistance to disease, as well
as improving growth (Ringe et al, 2018, 2020a); and
Lachnospiraceae has members capable of producing butyrate,
a highly important short-chain fatty acid (SCFA), known to
act as an anti-inflammatory agent and to play a key role in
the fish immune system regulation (Terova et al, 2016;
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Zhang and Davies, 2016). Further, the HEM diet had an even
stronger influence over the digesta-microbiota, increasing the
abundance of additional families of the Firmicutes phylum
such as Planococcaceae, Staphylococcaceae, and Brevibacteriaceae.
Increases in these families due to dietary HM inclusion has
also been shown by other authors (Terova et al., 2019; Panteli
et al., 2021), although its function on the fish gut microbiota
has been poorly discussed. Our data also revealed that HEM25
promoted an increase in Paenibacillaceae (Figure 4). This family,
which was also shown to increase upon a dietary inclusion
of 15% HM in rainbow trout (Oncorhynchus mykiss; Rimoldi
et al., 2021), contains the genus Paenibacillus, known to have
probiotic abilities when added to the fish feed (Gupta et al.,
2014, 2016; Chen et al., 2019), as well as chitinolytic capabilities
(discussed below).

Interestingly, we observed distinct changes in the gut
microbiota community in response to the different diets used
in this study, despite their similar crude protein, lipid, and
chitin content (Figure 1). Inclusion of dietary fibers, such as
chitin, generally leads to gut microbiota shifts toward Firmicutes
and/or Actinobacteria (Huyben et al, 2019; Rimoldi et al,
2019; Terova et al., 2019; Panteli et al., 2021). However, similar
dietary chitin contents (1.7% in HM25 vs. 1.8% in HEM25
vs. 1.3% in TM25) led to different levels in both Firmicutes
(increased in HM25 and HEM25 vs. decrease in TM25), and
Actinobacteria (increase in HM25 and HEM25 vs. no-effect
in TM25), as well as to disparate shifts at low taxonomic
levels (Figure 4). As with Firmicutes, selective increase of
Actinobacteria in the guts of fish fed diets containing HM,
appears to be transversal independently of the fish species
(Foysal and Gupta, 2022). Moreover, dietary inclusion of 5%
of commercial chitin did not result in the increase of bacteria
of either of those phyla. This can be due to different
physicochemical characteristics of chitin present in the different
diets. Varying degrees of acetylation, chitin-associated proteins
and insects’ life cycle stages can change, among others, chitin’s
surface, porosity, or solubility thus affecting its bioaccessibility
(Zargar et al., 2015; Wasko et al., 2016; Muthukrishnan et al,,
2019; Purkayastha and Sarkar, 2020). Furthermore, we also
hypothesize that dietary components other than chitin are
behind some of the modulatory effects observed. Indeed, the
constitution of macromolecules such as lipids and proteins
differ according to the insect’s species, developmental stage
and rearing substrate, which can result in different modulatory
effects of the microbiota (Golebiowski et al., 2014; Nogales-
Meérida et al, 2018; Vogel et al,, 2018; Bruno et al., 2019).
As an example, fatty acid profile in lipids has been shown to
differently impact gut microbial communities, with diets
supplemented with medium chain fatty acids (MCFA) favoring
an increase of the Firmicutes phylum (Rimoldi et al, 2018).
The latter might help to explain the observed increase in the
Firmicutes phylum in HM-based diets as HM, in contrast
with TM, are rich in the MCFA lauric acid (C12:0; Guerreiro
et al,, 2020). Thus, diet-induced alterations in the gut microbiota
may occur due to IM-specific fatty acid, amino acid, or even
simple-sugar profiles, potentially creating micro-niches that
promote the establishment of organisms with selective nutritional

preferences (Pereira and Berry, 2017). This could also help
explain the absence of microbiota shifts in response to a CHIT5
diet, which shares the same overall crude macromolecular
composition as the control diet, except for the presence of
chitin (Figure 1). Finally, we cannot exclude that some of the
differences among diets originate from amplification of DNA
from dead vegetative cells or from spores that were present
in the own insects gut or cuticle. Other approaches such as
transcriptomics or activity-based methods would be necessary
to fully unravel the contribution of food-borne microorganisms
to the overall fish gut microbiota profiles (Emerson et al., 2017).
The presence of chitin is a negative aspect of IM because it
is difficult to breakdown and because it can entrap other nutrients,
like lipids and proteins, thereby limiting their digestibility (De
Marco et al,, 2015; Guerreiro et al, 2021). Upon HM inclusion
in diets, we observed an increase in Firmicutes families Bacillaceae,
Enterococcaceae, and Actinomycetaceae, and a HEM-specific increase
the families Planococcaceae,  Brevibacteriaceae, and
Paenibacillaceae, all of which contain species with chitinolytic
activity (Callegari et al, 2020; Shimoi et al., 2020). Indeed,
we detected an increase in the copy number of genes encoding
ChiA, used here as a marker for chitinolytic potential, in fish
fed the HEM25 diet (Figure 5). However, we detected no increase
in chiA copies in fish fed the CHIT5 diet, despite an increase
of the order Chitinophagales which contains species that can
degrade chitin (Rosenberg, 2014; Wieczorek et al., 2019), nor
in fish fed the HM25 diet, despite an increase in Bacillaceae
and Actinomycetaceae (Shimoi et al, 2020). Chitinolytic
Chitinopagaceae species, along with Actinobacteria species, have
been shown to employ chitinases other than ChiA, such as
exochitinases or endochitinases belonging to other glycoside
hydrolase families, for chitin breakdown (Lacombe-Harvey et al.,
2018; Ramakrishna et al., 2018). As these chitinases share no
sequence similarity with ChiA (Lacombe-Harvey et al, 2018),
they may have been missed in our study. Apart from DNA-based
evidence, future investigation of chitin-degradation capacity should
include evaluation of the effective chitinolytic enzymatic activity
of the digesta. Together, increases in abundance of 16S rRNA
and chiA gene sequences belonging to Paenibacillus species in
HEM?25 diet, as well as recovery of Paenibacillus isolates with
chitinolytic activity, support an HEM25-driven increase in
chitinolytic potential that is likely translated into chitin degradation
in the fish lumen. A detailed evaluation of the possible impact
of HEM on fish fitness, at the inclusion levels here used or at
higher inclusion levels, should be performed in the future.

in

CONCLUSION

In summary, the data reported here provides a detailed
characterization of microbiota shifts induced by two commonly
used IM (TM and HM) and one underexplored insect-based
ingredient (HEM) on the European sea bass gut microbiota.
Overall, the data suggests that IM diets of different origins
differently impact the gut microbiota of the European sea bass
digesta-associated communities, while mucosal-associated
communities are more resilient to diet-induced alterations. The
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inclusion of HEM in the diet increased the digesta bacterial-
associated chitinolytic potential, likely resulting in enhanced
utilization of otherwise inaccessible proteins, lipids, and energy
present in this diet, which ultimately can lead to better fish
growth performance. Our study uncovers possible advantages
of incorporating exuviae in fish diets, an economically attractive
product that may be key to raise levels of IM inclusion
in aquafeeds.

DATA AVAILABILITY STATEMENT

The 16S rRNA gene sequences were deposited in the NCBI
Sequence Read Archive (SRA) as BioProject Accession
PRJNA767204. The datasets generated and/or analyzed during
the current study are available in the github repository, under
the link https://github.com/fatimapereira454/ Amplicon-sequencing
Seabass_IMdiets (metadata table, read count table).

ETHICS STATEMENT

The animal study was reviewed and approved by Animal Welfare
Committee of the Interdisciplinary Centre of Marine and
Environmental Research (CIIMAR) and carried out in a registered
installation (N16091.UDER). The trial was performed by trained
scientists (following FELASA category C recommendations) in
full compliance with national rules and following the European
Directive 2010/63/EU of the European Parliament and the
European Union Council on the protection of animals used
for scientific purposes.

AUTHOR CONTRIBUTIONS

CRS, PE, FCP, and AO-T designed and conceived the study.
FR and FCP performed the experiments. FCP and BH generated
and analyzed the sequencing data. LG and FG formulated and
provided the diets. FR, FCP, CRS, and PE wrote the manuscript

REFERENCES

Antonopoulou, E., Nikouli, E., Piccolo, G., Gasco, L., Gai, E, Chatzifotis, S.,
et al. (2019). Reshaping gut bacterial communities after dietary Tenebrio
molitor larvae meal supplementation in three fish species. Aquaculture 503,
628-635. doi: 10.1016/j.aquaculture.2018.12.013

AOAC (2000). Official Methods of Analysis. Association of Official Analytical
Chemists, Gaithersburg, Maryland, USA.

Apprill, A., McNally, S., Parsons, R., and Weber, L. (2015). Minor revision
to V4 region SSU rRNA 806R gene primer greatly increases detection of
SARI11 bacterioplankton. Aquat. Microb. Ecol. 75, 129-137. doi: 10.3354/
ame01753

Barroso, E G., de Haro, C., Sanchez-Muros, M.-]., Venegas, E., Martinez-
Sanchez, A., and Pérez-Banon, C. (2014). The potential of various insect
species for use as food for fish. Aquaculture 422-423, 193-201. doi: 10.1016/j.
aquaculture.2013.12.024

Benzertiha, A., Kieronczyk, B., Rawski, M., Mikolajczak, Z., Urbanski, A.,
Nogowski, L., et al. (2020). Insect fat in animal nutrition: a review. Ann.
Anim. Sci. 20, 1217-1240. doi: 10.2478/aoas-2020-0076

with contributions from AO-T and DB. All authors contributed
to the article and approved the submitted version.

FUNDING

This work was funded by the structured program of R&D&I
ATLANTIDA—Platform for the monitoring of the North Atlantic
Ocean and tools for the sustainable exploitation of the marine
resources (NORTE-01-0145-FEDER-000040), supported by the
North Portugal Regional Operational Programme (NORTE2020),
through the European Regional Development Fund (ERDF),
and by the Strategic Funding to UID/Multi/04423/2019 (POCI-
01-0145-FEDER-007621), through national funds provided by
the Portuguese funding agency for science, research and
technology (FCT) and European Regional Development Fund
(ERDE), in the framework of the programme PT2020. FR was
supported by a grant from FCT, Portugal (SFRH/BD/138375/2018).
CRS and PE have a scientific employment contract supported
by national funds through FCT. This research was also funded
by the Austrian Science Fund (FWF) via a Young Independent
Research Group grant (ZK-57) to FCP.

ACKNOWLEDGMENTS

We thank Jasmin Schwarz, Gudrun Kohl, and Petra Pjevac
from the Joint Microbiome Facility (JMF) of the Medical
University of Vienna and the University of Vienna for assisting
with amplicon sequencing. We thank Kenneth Wasmund for
assisting with the phylogenetic analysis and for helpful feedback
on the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.
831034/full#supplementary-material

Bruno, D., Bonelli, M., De Filippis, E, Di Lelio, L., Tettamanti, G., Casartelli, M.,
et al. (2019). The intestinal microbiota of Hermetia illucens larvae is affected
by diet and shows a diverse composition in the different midgut regions.
Appl. Environ. Microbiol. 85, ¢01864-e01918. doi: 10.1128/aem.01864-18

Butt, R. L., and Volkoff, H. (2019). Gut microbiota and energy homeostasis
in fish. Front. Endocrinol. 10:9. doi: 10.3389/fendo0.2019.00009

Caimi, C., Biasato, I, Chemello, G., Oddon, S. B., Lussiana, C., Malfatto, V. M.,
et al. (2021). Dietary inclusion of a partially defatted black soldier fly
(Hermetia illucens) larva meal in low fishmeal-based diets for rainbow trout
(Oncorhynchus mykiss). J. Anim. Sci. Biotechnol. 12:50. doi: 10.1186/
$40104-021-00575-1

Caimi, C., Renna, M., Lussiana, C., Bonaldo, A., Gariglio, M., Meneguz, M.,
et al. (2020). First insights on black soldier fly (Hermetia illucens L.) larvae
meal dietary administration in Siberian sturgeon (Acipenser baerii Brandt)
juveniles. Aquaculture 515:734539. doi: 10.1016/j.aquaculture.2019.734539

Calduch-Giner, J. A., Sitja-Bobadilla, A., and Pérez-Sanchez, J. (2016). Gene
expression profiling reveals functional specialization along the intestinal tract
of a carnivorous teleostean fish (Dicentrarchus labrax). Front. Physiol. 7:359.
doi: 10.3389/fphys.2016.00359

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 831034


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://github.com/fatimapereira454/Amplicon-sequencing_Seabass_IMdiets
https://github.com/fatimapereira454/Amplicon-sequencing_Seabass_IMdiets
https://www.frontiersin.org/articles/10.3389/fmicb.2022.831034/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2022.831034/full#supplementary-material
https://doi.org/10.1016/j.aquaculture.2018.12.013
https://doi.org/10.3354/ame01753
https://doi.org/10.3354/ame01753
https://doi.org/10.1016/j.aquaculture.2013.12.024
https://doi.org/10.1016/j.aquaculture.2013.12.024
https://doi.org/10.2478/aoas-2020-0076
https://doi.org/10.1128/aem.01864-18
https://doi.org/10.3389/fendo.2019.00009
https://doi.org/10.1186/s40104-021-00575-1
https://doi.org/10.1186/s40104-021-00575-1
https://doi.org/10.1016/j.aquaculture.2019.734539
https://doi.org/10.3389/fphys.2016.00359

Rangel et al.

Gut Microbiota Modulation by Insect Meals

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W,, Johnson, A. J. A,,
and Holmes, S. P. (2016a). DADAZ2: high-resolution sample inference from
Ilumina amplicon data. Nat. Methods 13, 581-583. doi: 10.1038/nmeth.3869

Callahan, B. J., Sankaran, K., Fukuyama, J. A., McMurdie, P. J., and Holmes, S. P.
(2016b). Bioconductor workflow for microbiome data analysis: from raw
reads to community analyses. FIOOORes. 5:1492. doi: 10.12688/f1000
research.8986.2

Callegari, M., Jucker, C., Fusi, M., Leonardi, M. G., Daffonchio, D., Borin, S.,
et al. (2020). Hydrolytic profile of the culturable gut bacterial community
associated with Hermetia illucens. Front. Microbiol. 11:1965. doi: 10.3389/
fmicb.2020.01965

Chemello, G., Renna, M., Caimi, C., Guerreiro, I., Oliva-Teles, A., Enes, P,
et al. (2020). Partially defatted Tenebrio molitor larva meal in diets for
grow-out rainbow trout, Oncorhynchus mykiss (Walbaum): effects on growth
performance, diet digestibility and metabolic responses. Animals 10:229. doi:
10.3390/ani10020229

Chen, S.-W.,, Liu, C.-H., and Hu, S.-Y. (2019). Dietary administration of probiotic
Paenibacillus ehimensis NPUST1 with bacteriocin-like activity improves growth
performance and immunity against Aeromonas hydrophila and streptococcus
iniae in Nile tilapia (Oreochromis niloticus). Fish Shellfish Immunol. 84,
695-703. doi: 10.1016/j.fs1.2018.10.059

Danieli, P. P, Lussiana, C., Gasco, L., Amici, A., and Ronchi, B. (2019). The
effects of diet formulation on the yield, proximate composition, and fatty
acid profile of the black soldier fly (Hermetia illucens L.) prepupae intended
for animal feed. Animals 9:178. doi: 10.3390/ani9040178

Danulat, E., and Kausch, H. (1984). Chitinase activity in the digestive tract
of the cod, Gadus morhua (L.). J. Fish Biol. 24, 125-133. doi:
10.1111/j.1095-8649.1984.tb04784.x

De Marco, M., Martinez, S., Hernandez, F, Madrid, J., Gai, E, Rotolo, L.,
et al. (2015). Nutritional value of two insect larval meals (Tenebrio molitor
and Hermetia illucens) for broiler chickens: apparent nutrient digestibility,
apparent ileal amino acid digestibility and apparent metabolizable energy.
Anim. Feed Sci. Technol. 209, 211-218. doi: 10.1016/j.anifeedsci.2015.08.006

Emerson, J. B., Adams, R. I, Romdn, C. M. B., Brooks, B., Coil, D. A.,
Dahlhausen, K., et al. (2017). Schrédinger’s microbes: tools for distinguishing
the living from the dead in microbial ecosystems. Microbiome 5:86. doi:
10.1186/540168-017-0285-3

Enke, T. N., Leventhal, G. E., Metzger, M., Saavedra, J. T., and Cordero, O. X.
(2018). Microscale ecology regulates particulate organic matter turnover in
model marine microbial communities. Nat. Commun. 9:2743. doi: 10.1038/
541467-018-05159-8

Fines, B. C., and Holt, G. J. (2010). Chitinase and apparent digestibility of
chitin in the digestive tract of juvenile cobia, Rachycentron canadum.
Aquaculture 303, 34-39. doi: 10.1016/j.aquaculture.2010.03.010

Foysal, M. J.,, and Gupta, S. K. (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 diets. Aquaculture
549:737760. doi: 10.1016/j.aquaculture.2021.737760

Gajardo, K., Rodiles, A., Kortner, T. M. Krogdahl, A., Bakke, A. M,
Merrifield, D. L., et al. (2016). A high-resolution map of the gut microbiota
in Atlantic salmon (Salmo salar): a basis for comparative gut microbial
research. Sci. Rep. 6:30893. doi: 10.1038/srep30893

Gasco, L., Acuti, G., Bani, P, Dalle Zotte, A., Danieli, P. P, De Angelis, A.,
et al. (2020a). Insect and fish by-products as sustainable alternatives to
conventional animal proteins in animal nutrition. Ital J. Anim. Sci. 19,
360-372. doi: 10.1080/1828051x.2020.1743209

Gasco, L., Biancarosa, 1, and Liland, N. S. (2020b). From waste to feed: a review
of recent knowledge on insects as producers of protein and fat for animal
feeds. Curr. Opin. Green Sustain. Chem. 23, 67-79. doi: 10.1016/j.cogsc.2020.03.003

Gasco, L., Biasato, I., Dabbou, S., Schiavone, A., and Gai, F. (2019). Animals
fed insect-based diets: state-of-the-art on digestibility, performance and
product quality. Animals 9:170. doi: 10.3390/ani9040170

Gasco, L., Jozefiak, A., and Henry, M. (2021). Beyond the protein concept:
health aspects of using edible insects on animals. J. Insects Food Feed 7,
715-741. doi: 10.3920/jiff2020.0077

Golebiowski, M., Cerkowniak, M., Urbanek, A., Dawgul, M., Kamysz, W.,,
Bogus, M. I, et al. (2014). Antimicrobial activity of untypical lipid compounds
in the cuticular and internal lipids of four fly species. J. Appl. Microbiol.
116, 269-287. doi: 10.1111/jam.12370

Guerreiro, I, Castro, C., Antunes, B., Coutinho, E, Rangel, E, Couto, A., et al.
(2020). Catching black soldier fly for meagre: growth, whole-body fatty
acid profile and metabolic responses. Aquaculture 516:734613. doi: 10.1016/j.
aquaculture.2019.734613

Guerreiro, I, Serra, C. R., Coutinho, E, Couto, A., Castro, C., Rangel, F, et al.
(2021). Digestive enzyme activity and nutrient digestibility in meagre
(Argyrosomus regius) fed increasing levels of black soldier fly meal (Hermetia
illucens). Aquac. Nutr. 27, 142-152. doi: 10.1111/anu.13172

Gupta, A., Gupta, P, and Dhawan, A. (2014). Dietary supplementation of
probiotics affects growth, immune response and disease resistance of
Cyprinus carpio fry. Fish Shellfish Immunol. 41, 113-119. doi: 10.1016/j.
£51.2014.08.023

Gupta, A., Gupta, P, and Dhawan, A. (2016). Paenibacillus polymyxa as a
water additive improved immune response of Cyprinus carpio and disease
resistance against Aeromonas hydrophila. Aquac. Rep. 4, 86-92. doi: 10.1016/j.
aqrep.2016.07.002

Hawkey, K. J., Lopez-Viso, C., Brameld, J. M., Parr, T.,, and Salter, A. M.
(2021). Insects: a potential source of protein and other nutrients for feed
and food. Annu. Rev. Anim. Biosci. 9, 333-354. doi: 10.1146/annurev-
animal-021419-083930

Herbold, C. W.,, Pelikan, C., Kuzyk, O., Hausmann, B., Angel, R,, Berry, D,
et al. (2015). A flexible and economical barcoding approach for highly
multiplexed amplicon sequencing of diverse target genes. Front. Microbiol.
6:731. doi: 10.3389/fmicb.2015.00731

Hobel, C. D. E V., Marteinsson, V. T., Hreggvidsson, G. O., and KristjaNsson, J. K.
(2005). Investigation of the microbial ecology of intertidal hot springs by
using diversity analysis of 16S rRNA and chitinase genes. Appl. Environ.
Microbiol. 71, 2771-2776. doi: 10.1128/aem.71.5.2771-2776.2005

Hoc, B., Tomson, T., Malumba, P, Blecker, C., Jijakli, M. H., Purcaro, G.,
et al. (2021). Production of rainbow trout (Oncorhynchus mykiss) using
black soldier fly (Hermetia illucens) prepupae-based formulations with
differentiated fatty acid profiles. Sci. Total Environ. 794:148647. doi: 10.1016/j.
scitotenv.2021.148647

Hoffmann, L., Rawski, M., Nogales-Merida, S., and Mazurkiewicz, J. (2020).
Dietary inclusion of Tenebrio Molitor meal in sea trout larvae rearing: effects
on fish growth performance, survival, condition, and GIT and liver enzymatic
activity. Ann. Anim. Sci. 20, 579-598. doi: 10.2478/a0as-2020-0002

Huyben, D., Vidakovi¢, A., Werner Hallgren, S., and Langeland, M. (2019).
High-throughput sequencing of gut microbiota in rainbow trout (Oncorhynchus
mykiss) fed larval and pre-pupae stages of black soldier fly (Hermetia illucens).
Aquaculture 500, 485-491. doi: 10.1016/j.aquaculture.2018.10.034

Jozefiak, A., Nogales-Mérida, S., Mikolajczak, Z., Rawski, M., Kieronczyk, B.,
and Mazurkiewicz, J. (2019). The utilization of full-fat insect meal in rainbow
trout (Oncorhynchus mykiss) nutrition: the effects on growth performance,
intestinal microbiota and gastrointestinal tract histomorphology. Ann. Anim.
Sci. 19, 747-765. doi: 10.2478/a0as-2019-0020

Kawase, T., Saito, A., Sato, T., Kanai, R., Fujii, T., Nikaidou, N., et al. (2004).
Distribution and phylogenetic analysis of family 19 chitinases in Actinobacteria.
Appl. Environ. Microbiol. 70, 1135-1144. doi: 10.1128/AEM.70.2.1135-1144.2004

Kokou, E, Sasson, G., Friedman, J., Eyal, S., Ovadia, O., Harpaz, S., et al.
(2019). Core gut microbial communities are maintained by beneficial
interactions and strain variability in fish. Nat. Microbiol. 4, 2456-2465. doi:
10.1038/541564-019-0560-0

Kroeckel, S., Harjes, A. G. E., Roth, I, Katz, H.,, Wuertz, S., Susenbeth, A.,
et al. (2012). When a turbot catches a Fly: evaluation of a pre-pupae meal
of the black soldier fly (Hermetia illucens) as fish meal substitute—growth
performance and chitin degradation in juvenile turbot (Psetta maxima).
Aquaculture 364-365, 345-352. doi: 10.1016/j.aquaculture.2012.08.041

Lacombe-Harvey, M.-E., Brzezinski, R., and Beaulieu, C. (2018). Chitinolytic
functions in actinobacteria: ecology, enzymes, and evolution. Appl. Microbiol.
Biotechnol. 102, 7219-7230. doi: 10.1007/s00253-018-9149-4

Li, Y., Bruni, L., Jaramillo-Torres, A., Gajardo, K., Kortner, T. M., and Krogdahl, A.
(2021). Differential response of digesta- and mucosa-associated intestinal
microbiota to dietary insect meal during the seawater phase of Atlantic
salmon. Anim. Microbiome 3, 8-18. doi: 10.1186/s42523-020-00071-3

Liland, N. S., Biancarosa, I., Araujo, P,, Biemans, D., Bruckner, C. G., Waagbg, R.,
et al. (2017). Modulation of nutrient composition of black soldier fly (Hermetia
illucens) larvae by feeding seaweed-enriched media. PLoS One 12:¢0183188.
doi: 10.1371/journal.pone.0183188

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 831034


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.12688/f1000research.8986.2
https://doi.org/10.12688/f1000research.8986.2
https://doi.org/10.3389/fmicb.2020.01965
https://doi.org/10.3389/fmicb.2020.01965
https://doi.org/10.3390/ani10020229
https://doi.org/10.1016/j.fsi.2018.10.059
https://doi.org/10.3390/ani9040178
https://doi.org/10.1111/j.1095-8649.1984.tb04784.x
https://doi.org/10.1016/j.anifeedsci.2015.08.006
https://doi.org/10.1186/s40168-017-0285-3
https://doi.org/10.1038/s41467-018-05159-8
https://doi.org/10.1038/s41467-018-05159-8
https://doi.org/10.1016/j.aquaculture.2010.03.010
https://doi.org/10.1016/j.aquaculture.2021.737760
https://doi.org/10.1038/srep30893
https://doi.org/10.1080/1828051x.2020.1743209
https://doi.org/10.1016/j.cogsc.2020.03.003
https://doi.org/10.3390/ani9040170
https://doi.org/10.3920/jiff2020.0077
https://doi.org/10.1111/jam.12370
https://doi.org/10.1016/j.aquaculture.2019.734613
https://doi.org/10.1016/j.aquaculture.2019.734613
https://doi.org/10.1111/anu.13172
https://doi.org/10.1016/j.fsi.2014.08.023
https://doi.org/10.1016/j.fsi.2014.08.023
https://doi.org/10.1016/j.aqrep.2016.07.002
https://doi.org/10.1016/j.aqrep.2016.07.002
https://doi.org/10.1146/annurev-animal-021419-083930
https://doi.org/10.1146/annurev-animal-021419-083930
https://doi.org/10.3389/fmicb.2015.00731
https://doi.org/10.1128/aem.71.5.2771-2776.2005
https://doi.org/10.1016/j.scitotenv.2021.148647
https://doi.org/10.1016/j.scitotenv.2021.148647
https://doi.org/10.2478/aoas-2020-0002
https://doi.org/10.1016/j.aquaculture.2018.10.034
https://doi.org/10.2478/aoas-2019-0020
https://doi.org/10.1128/AEM.70.2.1135-1144.2004
https://doi.org/10.1038/s41564-019-0560-0
https://doi.org/10.1016/j.aquaculture.2012.08.041
https://doi.org/10.1007/s00253-018-9149-4
https://doi.org/10.1186/s42523-020-00071-3
https://doi.org/10.1371/journal.pone.0183188

Rangel et al.

Gut Microbiota Modulation by Insect Meals

Liu, Z., Wang, W,, Zhu, Y., Gong, Q., Yu, W, and Lu, X. (2013). Antibiotics
at subinhibitory concentrations improve the quorum sensing behavior of
Chromobacterium violaceum. FEMS Microbiol. Lett. 341, 37-44. doi:
10.1111/1574-6968.12086

Love, M. 1., Huber, W,, and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.
doi: 10.1186/513059-014-0550-8

Magalhaes, R., Sdnchez-Lopez, A., Leal, R. S., Martinez-Llorens, S., Oliva-Teles, A.,
and Peres, H. (2017). Black soldier fly (Hermetia illucens) pre-pupae meal
as a fish meal replacement in diets for European seabass (Dicentrarchus
labrax). Aquaculture 476, 79-85. doi: 10.1016/j.aquaculture.2017.04.021

Marono, S., Piccolo, G., Loponte, R., Di Meo, C., Attia, Y. A., Nizza, A,, et al.
(2015). In vitro crude protein digestibility of Tenebrio molitor and Hermetia
illucens insect meals and its correlation with chemical composition traits.
Ital. J. Anim. Sci. 14:3889. doi: 10.4081/ijas.2015.3889

Martinez-Zavala, S. A., Barboza-Pérez, U. E., Hernandez-Guzmin, G.,
Bideshi, D. K., and Barboza-Corona, J. E. (2020). Chitinases of bacillus
thuringiensis: phylogeny, modular structure, and applied potentials. Front.
Microbiol. 10:3032. doi: 10.3389/fmicb.2019.03032

Mastoraki, M., Molla Ferrandiz, P, Vardali, S. C., Kontodimas, D. C,
Kotzamanis, Y. P, Gasco, L., et al. (2020). A comparative study on the
effect of fish meal substitution with three different insect meals on
growth, body composition and metabolism of European sea bass
(Dicentrarchus labrax L.). Aquaculture 528:735511. doi: 10.1016/j.
aquaculture.2020.735511

McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible
interactive analysis and graphics of microbiome census data. PLoS One
8:¢61217. doi: 10.1371/journal.pone.0061217

Minich, J. J., Sanders, J. G., Amir, A., Humphrey, G., Gilbert, J. A., Knight, R,,
et al. (2019). Quantifying and understanding well-to-well contamination in
microbiome research. mSystems 4, €00186-€00219. doi: 10.1128/
mSystems.00186-19

Muthukrishnan, S., Merzendorfer, H., Arakane, Y., and Yang, Q. (2019). “Chitin
organizing and modifying enzymes and proteins involved in remodeling of
the insect cuticle,” in Targeting Chitin-containing Organisms. eds. Q. Yang
and T. Fukamizo (Singapore). 83-114.

Nicholson, W, and Setlow, P. (1990). “Sporulation, germination, and outgrowth,”
in Molecular Biological Methods for Bacillus. eds. C. R. Harwood and S. M.
Cutting (Chichester, UK: John Wiley and Sons), 391-450.

Nogales-Mérida, S., Gobbi, P, Jozefiak, D., Mazurkiewicz, J., Dudek, K., Rawski, M.,
et al. (2018). Insect meals in fish nutrition. Rev. Aquac. 11, 1080-1103.
doi: 10.1111/raq.12281

Oksanen, J., Blanchet, E. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
et al. (2020). Vegan: Community Ecology Package. R Package Version 2.5-6.
Available at: https://CRAN.R-project.org/package=vegan

Orikoshi, H., Nakayama, S., Miyamoto, K., Hanato, C., Yasuda, M., Inamori, Y.,
et al. (2005). Roles of four chitinases (ChiA, ChiB, ChiC, and ChiD) in
the chitin degradation system of marine bacterium Alteromonas sp. strain
O-7.  Appl.  Environ.  Microbiol. 71, 1811-1815. doi: 10.1128/
AEM.71.4.1811-1815.2005

Panteli, N., Mastoraki, M., Lazarina, M., Chatzifotis, S., Mente, E., Kormas, K. A.,
et al. (2021). Configuration of gut microbiota structure and potential
functionality in two teleosts under the influence of dietary insect meals.
Microorganisms 9:699. doi: 10.3390/microorganisms9040699

Parada, A. E., Needham, D. M., and Fuhrman, J. A. (2016). Every base matters:
assessing small subunit rRNA primers for marine microbiomes with mock
communities, time series and global field samples. Environ. Microbiol. 18,
1403-1414. doi: 10.1111/1462-2920.13023

Paulsen, S., Andersen, B., Gram, L., and Machado, H. (2016). Biological potential
of chitinolytic marine bacteria. Mar. Drugs 14:230. doi: 10.3390/md14120230

Pereira, F. C., and Berry, D. (2017). Microbial nutrient niches in the gut.
Environ. Microbiol. 19, 1366-1378. doi: 10.1111/1462-2920.13659

Pérez-Pascual, D., Estellé, J., Dutto, G., Rodde, C., Bernardet, J.-E, Marchand, Y.,
et al. (2020). Growth performance and adaptability of European sea bass
(Dicentrarchus labrax) gut microbiota to alternative diets free of fish products.
Microorganisms 8:1346. doi: 10.3390/microorganisms8091346

Perry, W. B, Lindsay, E., Payne, C. J., Brodie, C., and Kazlauskaite, R. (2020).
The role of the gut microbiome in sustainable teleost aquaculture. Proc. R.
Soc. B Biol. Sci. 287:20200184. doi: 10.1098/rspb.2020.0184

Piccolo, G., Iaconisi, V., Marono, S., Gasco, L., Loponte, R., Nizza, S., et al.
(2017). Effect of Tenebrio molitor larvae meal on growth performance, in
vivo nutrients digestibility, somatic and marketable indexes of gilthead sea
bream (Sparus aurata). Anim. Feed Sci. Technol. 226, 12-20. doi: 10.1016/j.
anifeedsci.2017.02.007

Pitcher, D., Saunders, N., and Owen, R. (1989). Rapid extraction of bacterial
genomic DNA with guanidium thiocyanate. Lett. Appl. Microbiol. 8, 151-156.
doi: 10.1111/j.1472-765X.1989.tb00262.x

Pjevac, P, Hausmann, B., Schwarz, J., Kohl, G., Herbold, C. W,, Loy, A., et al.
(2021). An economical and flexible dual barcoding, two-step PCR approach
for highly multiplexed amplicon sequencing. Front. Microbiol. 12:669776.
doi: 10.3389/fmicb.2021.669776

Pulido, L., Secci, G., Maricchiolo, G., Gasco, L., Gai, E, Serra, A., et al. (2022).
Effect of dietary black soldier fly larvae meal on fatty acid composition of
lipids and sn-2 position of triglycerides of marketable size gilthead sea
bream fillets. Aquaculture 546:737351. doi: 10.1016/j.aquaculture.2021.737351

Purkayastha, D., and Sarkar, S. (2020). Physicochemical structure analysis of
chitin extracted from pupa exuviae and dead imago of wild black soldier
fly (Hermetia illucens). J. Polym. Environ. 28, 445-457. doi: 10.1007/
$10924-019-01620-x

Ramaiah, N., Hill, R. T, Chun, J., Ravel, J.,, Matte, M. H., Straube, W. L.,
et al. (2000). Use of a chiA probe for detection of chitinase genes in bacteria
from the Chesapeake Bay. FEMS Microbiol. Ecol. 34, 63-71. doi: 10.1111/
j.1574-6941.2000.tb00755.x

Ramakrishna, B., Vaikuntapu, P, Mallakuntla, M. K., Bhuvanachandra, B.,
Sivaramakrishna, D., Uikey, S., et al. (2018). Carboxy-terminal glycosyl
hydrolase 18 domain of a carbohydrate active protein of Chitinophaga pinensis
is a non-processive exochitinase. Int. J. Biol. Macromol. 115, 1225-1232.
doi: 10.1016/j.ijbiomac.2018.04.159

Ray, A., Ghosh, K., and Ringg, E. (2012). Enzyme-producing bacteria isolated from
fish gut: a review. Aquac. Nutr. 18, 465-492. doi: 10.1111/j.1365-2095.2012.00943.x

Resh, V. H., and Cardé, R. T. (2009). Encyclopedia of Insects. San Diego, United
States of America: Academic Press.

Rimoldi, S., Antonini, M., Gasco, L., Moroni, E, and Terova, G. (2021). Intestinal
microbial communities of rainbow trout (Oncorhynchus mykiss) may
be improved by feeding a Hermetia illucens meal/low-fishmeal diet. Fish
Physiol. Biochem. 47, 365-380. doi: 10.1007/s10695-020-00918-1

Rimoldi, S., Gini, E., Iannini, E, Gasco, L., and Terova, G. (2019). The effects
of dietary insect meal from Hermetia illucens prepupae on autochthonous
gut microbiota of rainbow trout (Oncorhynchus mykiss). Animals 9:143. doi:
10.3390/ani9040143

Rimoldi, S., Gliozheni, E., Ascione, C., Gini, E., and Terova, G. (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. doi: 10.7717/peerj.5355

Rimoldi, S., Torrecillas, S., Montero, D., Gini, E., Makol, A., Valdenegro, V.,
et al. (2020). Assessment of dietary supplementation with galactomannan
oligosaccharides and phytogenics on gut microbiota of European sea bass
(Dicentrarchus labrax) fed low fishmeal and fish oil based diet. PLoS One
15:€0231494. doi: 10.1371/journal.pone.0231494

Ringe, E., Doan, H. V,, Lee, S., and Song, S. K. (2020a). Lactic acid bacteria
in shellfish: possibilities and challenges. Rev. Fish. Sci. Aquac. 28, 139-169.
doi: 10.1080/23308249.2019.1683151

Ringe, E., Hoseinifar, S. H., Ghosh, K., Doan, H. V,, Beck, B. R,, and Song, S. K.
(2018). Lactic acid bacteria in finfish: an update. Front. Microbiol. 9:1818.
doi: 10.3389/fmicb.2018.01818

Ringp, E., Van Doan, H,, Lee, S. H., Soltani, M., Hoseinifar, S. H., Harikrishnan, R.,
etal. (2020b). Probiotics, lactic acid bacteria and bacilli: interesting supplementation
for aquaculture. J. Appl. Microbiol. 129, 116-136. doi: 10.1111/jam.14628

Ringe, E., Zhou, Z., Vecino, J. L. G., Wadsworth, S., Romero, J., Krogdahl, A,
et al. (2015). Effect of dietary components on the gut microbiota of aquatic
animals. A never-ending story? Aquac. Nutr. 22, 219-282. doi: 10.1111/anu.12346

Roeselers, G., Mittge, E. K., Stephens, W. Z., Parichy, D. M., Cavanaugh, C. M.,
Guillemin, K., et al. (2011). Evidence for a core gut microbiota in the
zebrafish. ISME J. 5, 1595-1608. doi: 10.1038/ismej.2011.38

Rosenberg, E. (2014). “The family chitinophagaceae,” in The Prokaryotes: Other
Major Lineages of Bacteria and The Archaea. eds. E. Rosenberg, E. E
DeLong, S. Lory, E. Stackebrandt and F. Thompson (Berlin, Heidelberg:
Springer Berlin Heidelberg), 493-495.

Frontiers in Microbiology | www.frontiersin.org

April 2022 | Volume 13 | Article 831034


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1111/1574-6968.12086
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.aquaculture.2017.04.021
https://doi.org/10.4081/ijas.2015.3889
https://doi.org/10.3389/fmicb.2019.03032
https://doi.org/10.1016/j.aquaculture.2020.735511
https://doi.org/10.1016/j.aquaculture.2020.735511
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1128/mSystems.00186-19
https://doi.org/10.1128/mSystems.00186-19
https://doi.org/10.1111/raq.12281
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1128/AEM.71.4.1811-1815.2005
https://doi.org/10.1128/AEM.71.4.1811-1815.2005
https://doi.org/10.3390/microorganisms9040699
https://doi.org/10.1111/1462-2920.13023
https://doi.org/10.3390/md14120230
https://doi.org/10.1111/1462-2920.13659
https://doi.org/10.3390/microorganisms8091346
https://doi.org/10.1098/rspb.2020.0184
https://doi.org/10.1016/j.anifeedsci.2017.02.007
https://doi.org/10.1016/j.anifeedsci.2017.02.007
https://doi.org/10.1111/j.1472-765X.1989.tb00262.x
https://doi.org/10.3389/fmicb.2021.669776
https://doi.org/10.1016/j.aquaculture.2021.737351
https://doi.org/10.1007/s10924-019-01620-x
https://doi.org/10.1007/s10924-019-01620-x
https://doi.org/10.1111/j.1574-6941.2000.tb00755.x
https://doi.org/10.1111/j.1574-6941.2000.tb00755.x
https://doi.org/10.1016/j.ijbiomac.2018.04.159
https://doi.org/10.1111/j.1365-2095.2012.00943.x
https://doi.org/10.1007/s10695-020-00918-1
https://doi.org/10.3390/ani9040143
https://doi.org/10.7717/peerj.5355
https://doi.org/10.1371/journal.pone.0231494
https://doi.org/10.1080/23308249.2019.1683151
https://doi.org/10.3389/fmicb.2018.01818
https://doi.org/10.1111/jam.14628
https://doi.org/10.1111/anu.12346
https://doi.org/10.1038/ismej.2011.38

Rangel et al.

Gut Microbiota Modulation by Insect Meals

Santos, R. A., Oliva-Teles, A., Pousdo-Ferreira, P, Jerusik, R., Saavedra, M. ],
Enes, P, et al. (2021). Isolation and characterization of fish-gut bacillus spp.
as source of natural antimicrobial compounds to fight aquaculture bacterial
diseases. Mar. Biotechnol. 23, 276-293. doi: 10.1007/s10126-021-10022-x

Serra, C. R, Oliva-Teles, A., Enes, P,, and Tavares, F. (2021). Gut microbiota
dynamics in carnivorous European seabass (Dicentrarchus labrax) fed plant-
based diets. Sci. Rep. 11:447. doi: 10.1038/s41598-020-80138-y

Shafique, L., Abdel-Latif, H. M. R., Hassan, E-U, Alagawany, M., Naiel,
M. A. E, Dawood, M. A. O, et al. (2021). The feasibility of using yellow
mealworms (Tenebrio molitor): towards a sustainable aquafeed industry.
Animals 11:811. doi: 10.3390/ani11030811

Shimoi, Y., Honma, D., Kurematsu, A., Iwasaki, Y., Kotsuchibashi, Y., Wakikawa, Y.,
et al. (2020). Effects of chitin degradation products N-acetylglucosamine
and N,N’-diacetylchitobiose on chitinase activity and bacterial community
structure in an incubated upland soil. Soil Sci. Plant Nutr. 66, 429-437.
doi: 10.1080/00380768.2020.1767488

Stamatakis, A. (2014). RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30, 1312-1313. doi: 10.1093/
bioinformatics/btu033

Stejskal, V., Tran, H. Q., Prokesova, M., Gebauer, T., Giang, P. T., Gai, F, et al.
(2020). Partially defatted Hermetia illucens larva meal in diet of Eurasian
perch (Perca fluviatilis) juveniles. Animals 10:1876. doi: 10.3390/ani10101876

Terova, G., Diaz, N., Rimoldi, S., Ceccotti, C., Gliozheni, E., and Piferrer, E.
(2016). Effects of sodium butyrate treatment on histone modifications and
the expression of genes related to epigenetic regulatory mechanisms and
immune response in European sea bass (Dicentrarchus labrax) fed a plant-
based diet. PLoS One 11:¢0160332. doi: 10.1371/journal.pone.0160332

Terova, G., Gini, E., Gasco, L., Moroni, F, Antonini, M., and Rimoldi, S.
(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. doi: 10.1186/s40104-021-00551-9

Terova, G., Rimoldi, S., Ascione, C., Gini, E., Ceccotti, C., and Gasco, L.
(2019). Rainbow trout (Oncorhynchus mykiss) gut microbiota is modulated
by insect meal from Hermetia illucens prepupae in the diet. Rev. Fish Biol.
Fish. 29, 465-486. doi: 10.1007/s11160-019-09558-y

Tomberlin, J. K., and van Huis, A. (2020). Black soldier fly from pest to ‘crown
jewel' of the insects as feed industry: an historical perspective. J. Insects
Food Feed 6, 1-4. doi: 10.3920/}iff2020.0003

Tran, H. Q., ProkeSova, M., Zare, M., Matousek, J., Ferrocino, 1., Gasco, L.,
et al. (2022). Production performance, nutrient digestibility, serum biochemistry,
fillet composition, intestinal microbiota and environmental impacts of European
perch (Perca fluviatilis) fed defatted mealworm (Tenebrio molitor). Aquaculture
547:737499. doi: 10.1016/j.aquaculture.2021.737499

Tremaroli, V., and Béckhed, E. (2012). Functional interactions between the gut
microbiota and host metabolism. Nature 489, 242-249. doi: 10.1038/nature11552

Trifinopoulos, J., Nguyen, L. T., von Haeseler, A., and Minh, B. Q. (2016).
W-IQ-TREE: a fast online phylogenetic tool for maximum likelihood analysis.
Nucleic Acids Res. 44, W232-W235. doi: 10.1093/nar/gkw256

Van Doan, H., Hoseinifar, S. H., Ringo, E., Angeles Esteban, M., Dadar, M.,
Dawood, M. A. O, et al. (2020). Host-associated probiotics: a key factor
in sustainable aquaculture. Rev. Fish. Sci. Aquac. 28, 16-42. doi: 10.1080/
23308249.2019.1643288

van Huis, A. (2020). Insects as food and feed, a new emerging agricultural
sector: a review. J. Insects Food Feed 6, 27-44. doi: 10.3920/jiff2019.0017

van Huis, A., van Itterbeeck, J., Klunder, H., Mertens, E., Halloran, A., Muir, G.,
et al. (2013). Edible Insects: Future Prospects for Food and Feed Security.
Rome, Italy: Food and Agriculture Organization of the United Nations.

Vogel, H., Miiller, A., Heckel, D. G., Gutzeit, H., and Vilcinskas, A. (2018).
Nutritional immunology: diversification and diet-dependent expression of
antimicrobial peptides in the black soldier fly Hermetia illucens. Dev. Comp.
Immunol. 78, 141-148. doi: 10.1016/j.dci.2017.09.008

Wasko, A., Bulak, P, Polak-Berecka, M., Nowak, K., Polakowski, C., and
Bieganowski, A. (2016). The first report of the physicochemical structure
of chitin isolated from Hermetia illucens. Int. J. Biol. Macromol. 92, 316-320.
doi: 10.1016/j.ijbiomac.2016.07.038

Weisburg, W. G., Barns, S. M., Pelletier, D. A, and Lane, D. J. (1991). 16S
ribosomal DNA amplification for phylogenetic study. J. Bacteriol. 173, 697-703.
doi: 10.1128/jb.173.2.697-703.1991

Wieczorek, A. S., Schmidt, O., Chatzinotas, A., von Bergen, M., Gorissen, A.,
and Kolb, S. (2019). Ecological functions of agricultural soil bacteria and
microeukaryotes in chitin degradation: a case study. Front. Microbiol. 10:1293.
doi: 10.3389/fmicb.2019.01293

Zargar, V., Asghari, M., and Dashti, A. (2015). A review on chitin and chitosan
polymers: structure, chemistry, solubility, derivatives, and applications.
ChemBioEng Rev. 2, 204-226. doi: 10.1002/cben.201400025

Zhang, L. S., and Davies, S. S. (2016). Microbial metabolism of dietary components
to bioactive metabolites: opportunities for new therapeutic interventions.
Genome Med. 8:46. doi: 10.1186/s13073-016-0296-x

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Rangel, Enes, Gasco, Gai, Hausmann, Berry, Oliva-Teles, Serra
and Pereira. This is an open-access article distributed under the terms of the
Creative Commons Attribution License (CC BY). The use, distribution or reproduction
in other forums is permitted, provided the original author(s) and the copyright
owner(s) are credited and that the original publication in this journal is cited, in
accordance with accepted academic practice. No use, distribution or reproduction
is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

16

April 2022 | Volume 13 | Article 831034


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1007/s10126-021-10022-x
https://doi.org/10.1038/s41598-020-80138-y
https://doi.org/10.3390/ani11030811
https://doi.org/10.1080/00380768.2020.1767488
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.3390/ani10101876
https://doi.org/10.1371/journal.pone.0160332
https://doi.org/10.1186/s40104-021-00551-9
https://doi.org/10.1007/s11160-019-09558-y
https://doi.org/10.3920/jiff2020.0003
https://doi.org/10.1016/j.aquaculture.2021.737499
https://doi.org/10.1038/nature11552
https://doi.org/10.1093/nar/gkw256
https://doi.org/10.1080/23308249.2019.1643288
https://doi.org/10.1080/23308249.2019.1643288
https://doi.org/10.3920/jiff2019.0017
https://doi.org/10.1016/j.dci.2017.09.008
https://doi.org/10.1016/j.ijbiomac.2016.07.038
https://doi.org/10.1128/jb.173.2.697-703.1991
https://doi.org/10.3389/fmicb.2019.01293
https://doi.org/10.1002/cben.201400025
https://doi.org/10.1186/s13073-016-0296-x
http://creativecommons.org/licenses/by/4.0/

	Differential Modulation of the European Sea Bass Gut Microbiota by Distinct Insect Meals
	Introduction
	Materials and Methods
	Experimental Diets and Proximate Analysis
	Animals and Experimental Conditions
	Sampling
	DNA Extraction
	Amplification and Sequencing of the 16S rRNA Genes
	Analysis of 16S rRNA Gene Amplicon Sequences
	Amplification of Chitinase A Genes
	Quantitative PCR of chiA Gene Copy Number Density
	Phylogenetic Analysis
	Bacterial Isolation, Identification, and Chitinolytic Assays

	Results
	Digesta and Mucosa Harbor Distinct Microbial Communities
	Impact of Distinct IM on the European Sea Bass Gut Microbiota
	HI Exuviae Diet Drives an Increase in Abundance of Chitinase-Encoding Paenibacillus Species With Effective Chitinolytic Activity

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding

	References

