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Abstract

Coffee silverskin, the outer layer of the green coffee bean, represents a major by-product of the coffee industry
derived from the roasting process. In recent years the development of sustainable and circular strategies to manage
and valorise organic wastes and by-products has become increasingly relevant and the potential of coffee silverskin
in food industry, cosmetics, and bioconversion applications is gaining attention. In the present work we addressed
the valorisation of coffee silverskin through insect bioconversion using the larvae of the black soldier fly Hermetia
illucens, one of the most promising bioconversion agents among insects. These larvae grow on a huge variety of
organic substrates due to their outstanding adaptability, that is conferred by the plasticity of the midgut physiology
and associated microbiota. Our results demonstrate that black soldier fly larvae were able to grow and develop
on coffee silverskin. The larvae reduced this by-product by 25% and a high protein insect biomass (i.e. 56 g per
100 g of dry matter) was obtained. Interestingly, 25% of the hemicellulose fraction of coffee silverskin was degraded
by the larvae. In addition, the larval gut microbiota, which plays a key role in larvae digestion adaptability and
bioconversion, was shaped by growing the larvae on coffee silverskin and bacterial taxa involved in complex
polysaccharide degradation were selected. In conclusion, black soldier fly larvae may represent (1) a valuable
tool for the development of new and sustainable strategies for coffee silverskin bioconversion and valorisation,
and (2) an effective bioincubator for the selection and isolation of microbial strains with peculiar degrading

capacity.
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1 Introduction

Circular economy is based on the recycling and valorisa-
tion of by-products to obtain new resources and reduc-
ing the amount of waste. Tonnes of organic by-products
are discarded every year without considering the huge
potential of their reuse, thus resulting in high disposal
costs for companies and in negative impacts on the envi-
ronment (Gavahian et al., 2021).

As the global demand for food is rising, in particu-
lar of meat (OECD/FAO, 2022), the reuse of agri-food
by-products could be an interesting solution for feed
production. Actually, about 15% (i.e. 940 million tonnes
of dry matter) of raw materials used to produce feed for
livestock and aquaculture could be rather used as food
for human nutrition (Sandstrom et al., 2022). Such reuse
could thus reduce competition for food resources and
minimize environmental pressure on arable land and
freshwater ecosystems, also contributing to the reduc-
tion of greenhouse gas emissions (Schader et al., 2015;
Van Hal et al., 2019; Van Selm et al., 2022).

The in-depth characterisation of the quality of these
by-products (e.g. chemical composition, nutritional
value, presence of biotic and abiotic contaminants) is
a key aspect to identify those ones most suitable for
substituting specific ingredients for feed production
(Colovi¢ et al., 2019). Some by-products of crop process-
ing are rich in low-digestible fibres, proteins of variable
quality, and micronutrients, but are poorly nutritional
for livestock or humans since they have a low metab-
olizable and net energy content (Van Hal et al.,, 2019;
Bindelle et al., 2008; Ertl et al., 2015). The combination
of various by-products and/or physical, chemical, and
microbiological treatments could improve their nutri-
tional value (Yang et al, 2021), but an alternative and
successful approach for their valorisation could be the
use of insects. Indeed, insects are gaining attention as
efficient bioconversion agents of organic waste and by-
products which can represent a suitable substrate for
the growth of some species (Fowles and Nansen, 2019;
Ojha et al., 2020; Girotto and Piazza, 2022). In this con-
text, the larvae of the black soldier fly Hermetia illucens
(BSFL) have been largely used in the bioconversion of
organic residues thanks to advantageous features, such
as saprophagy, high consumption rate, and rapid devel-
opment (Surendra et al, 2020; Siddiqui et al., 2022).
Multiple valuable compounds can be obtained from the
insect biomass (i.e. proteins, lipids, chitin, and antimi-
crobial peptides) which, according to current legislation
and depending on the rearing substrate, can be used as
raw materials or additives to produce animal feed, bio-
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plastics, cosmetics, and medical products (Surendra et
al., 2020; Siddiqui et al., 2022). In addition, the rearing
residue can be valorised as organic fertilizer or for bio-
gas production (Surendra et al., 2020).

Among the by-products from agri-food supply chains,
coffee silverskin (CS), which is generated during the
roasting phase of the green coffee, has a valid perspec-
tive of reuse due to its chemical and physical profile
(Nolasco et al., 2022a,b; Lee et al., 2023). CS is a thin
integument (1-2% of the coffee bean’s weight) that cov-
ers the two hemispheres of unroasted coffee beans (i.e.
green coffee beans) and is detached during the roast-
ing phase due to the high temperature. The recycling
of this by-product is relevant for the development of a
more sustainable coffee chain, due to the tons of coffee
consumed every year at global level (Lee et al., 2023).
Moreover, the development of strategies for the valori-
sation of pre-consumer organic by-products of the food
supply chain represents a challenging economic oppor-
tunity since they are, as CS, often rich in nutrients and
active compounds (Fowles and Nansen, 2019; Gottstein
et al., 2021; Lee et al., 2023).

Herein we investigated the capacity of BSFL and their
associated gut microbiota to bioconvert CS. In partic-
ular, since in previous studies information on these
aspects is fragmented, we aimed to provide a compre-
hensive view about the bioconversion process in a single
experimental set up including: (1) the evaluation of lar-
val performance and bioconversion indexes, (2) chem-
ical compositional analyses of rearing substrate, insect
biomass, rearing residue, and (3) the characterisation
of microbiota composition. Importantly, the latter took
into consideration, for the first time, the different tracts
of the BSFL gut (i.e. the 3 districts of the midgut and
the hindgut), demonstrating that taxonomic composi-
tion of the bacterial community was significantly tract-
dependent and showing that bacteria likely involved in
CS bioconversion were present in specific regions of
BSFL gut.

This work sets the stage for developing green strate-
gies for the management of this by-product which,
although rich proteins and lipids, still represents a
valuable but underexploited non-edible lignocellulosic
biomass.

2 Materials and methods

Insect rearing
Experimental black soldier fly (BSF) strain was estab-
lished in 2015 at University of Insubria (Varese, Italy).
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Eggs were collected and maintained in a humid cham-
ber with standard diet (STD) (Hogsette, 1992) at 27
°C until hatching (Bruno et al, 2019). Larvae were
reared for 4 days on STD with ethyl 4-hydroxybenzoate
(nipagin) (Merck KGaA, Darmstadt, Germany), as previ-
ously described (Pimentel et al., 2017) to prevent mould
growth, then moved to STD without additives for 4 days.
After a weaning period on STD, at day 9 after hatch-
ing (T,..,) they were moved to CS diet (CSD, obtained
moistening CS with distilled water at 20% w/v) and fed
ad libitum. Larvae were maintained in plastic boxes at
27.0 = 0.5 °C, 70 = 5% relative humidity, in the dark.
Four independent rearing experiments on CSD were
performed. Each batch consisted of 150 larvae except for
those used for chemical analyses which consisted of 300
larvae. To monitor larval growth pools (5 or 10 pools for
batches of 150 or 300 larvae, respectively) of 5 randomly
selected larvae for each rearing were weighted every 2-

3 days from T This procedure was repeated until

insects started pupating, i.e. day 22 from T,,, (mean
percentage of pupation at day 22 from T,,, with stan-
dard error: 11.5 + 3.4%, n = 4). As control, larvae were
reared on STD and growth was monitored until day 18
from hatching (mean percentage of pupation with stan-
dard error: 25 + 2.1%, n = 3). To standardize rearing
conditions, batches of 300 larvae were reared in 16 x
16 x 9 cm plastic boxes while batches of 150 in 14 x 14 x
7.5 cm plastic boxes. The ratio between the number of
larvae/gr of rearing substrate was the same regardless of
the rearing substrate.

Two coffee companies from Campania region (Italy)
provided the CS from the roasting process of Coffea ara-
bica and Coffea canephora (in unspecified ratio). Both
coffee varieties are usually mixed by companies during
the roasting process, and their thin integuments were
recovered by suction cyclones and collected (Lachen-
meier et al., 2022). The samples were stored in the dark
at 20 °C.

Determination of chemical composition of coffee
silverskin, rearing residues, and larval biomass
Actively feeding larvae, most of which in last instar,
were separated from CSD 19 days after T,,,,, accurately
washed and wiped dry to remove diet debris, and put in
plastic boxes for 24 h without rearing substrate at the
same rearing conditions described above (“Insect rear-
ing") to allow emptying of the gut lumen. This procedure
ensured the determination of the chemical composi-
tion of the larvae avoiding contaminations by ingested
food. Samples of CS powder were analysed as they were,
while rearing residues and larvae were lyophilized with
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a freeze-dryer (Alpha 2-4 LD plus, Martin Christ GmbH,
Osterode, Germany) at 12-15 mbar at -80 °C and then
analysed to determine the chemical composition. The
analyses were conducted at the Department of Agron-
omy, Food, Natural Resources, Animals and Environ-
ment, University of Padua (Agripolis, Legnaro, Italy) by
the certified laboratory LACHI as reported in Bonelli et
al. (2020). The crude protein content was calculated by
considering the nitrogen-to-protein conversion factor
(K,) of 6.25 for substrate samples and of 5.6 for insect
samples (Janssen et al., 2017). Chitin was calculated by
using Van Soest acid detergent fibre method (Stelmock
et al., 1985).

Calculation of bioconversion indexes and BSFL growth
performance

Bioconversion indexes of CSD by BSFL were calculated
and day 19 after T
pupation started) the beginning and the end of the bio-

considering T (just before

zero zero

conversion process, respectively.

The efficiency of the bioconversion process and
the growth performance of the larvae were evaluated
through the following indexes:
substrate reduction (D): (W -R) / W) x 100;
waste reduction index (WRI): (D / t);
efficiency of conversion of ingested food (ECI): [(Bg, —

Byw) / (W—R)] x 100;
relative growth rate (RGR): (Bg, — Biy;) / (t x Bgp);
survival rate (SR): (I, / Li;) x 100;
nitrogen conversion efficiency (NCE): [(Nj,ex Bgn) /

(N,, x W)] x100;

where W is the total amount of substrate provided
to the larvae; R is the rearing residue (frass) at the end
of bioconversion process; t indicates the time (days)
spent by the larvae on the feeding substrate; By, and
Bini
end and at the beginning of the bioconversion pro-

are the total amount of the insect biomass at the

cess, respectively; I, and I;,; are the number of insects
at the end and at the beginning of the bioconversion
process, respectively; and N;,; and N,, are the nitro-
gen content of insects at the end of the bioconver-
sion process and of substrate provided to the larvae,
respectively. Protein content in the samples was cal-
culated as reported above (“Determination of chemical
composition of coffee silverskin, rearing residues, and lar-
val biomass”). All the indexes were calculated on a dry
matter basis. To estimate the total amount of dry mat-
ter, samples (substrate provided to the larvae, rearing
residues at the end of bioconversion process, insect
biomass) were lyophilized with a freeze-dryer (Alpha
2-4 LD plus) under 12-15 mbar at -80 °C. Before lyophili-
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sation, insects were removed from the rearing substrate,
washed, wiped dry, and then frozen. Indexes were cal-
culated using data obtained from 4 independent rearing
experiments.

Collection of samples from insect gut

Larvae were dissected as reported in Bruno et al. (2019)
and the gut was isolated in sterile phosphate-buffered
saline (in mM: 137 NaCl, 2.7 KCl, 4.3 Na,HPO,, 1.4
KH,PO,, pH 7.4) in a sterile Petri dish (5.5 x 1.3 cm).
Hindgut was separated from the midgut and immedi-
ately frozen in dry ice. Midgut was then divided into
3 districts, i.e. anterior, middle, and posterior region
(Bruno et al., 2019), and the peritrophic matrix with
midgut content was separated from the epithelium of
each tract and immediately frozen in a 1.5 ml tube in
dry ice. Samples were kept at -80 °C until processing.
For each gut tract, 5 samples (each consisting of 5-7
hindguts or midgut tract contents) were analysed. Sam-
ples were obtained from 3 independent rearing experi-
ments, for a total of 15 samples from each gut tract to be
processed for DNA extraction and metagenomics.

DNA extraction and purification from fresh rearing
substrate, rearing residues, and insect samples

After thawing, samples were homogenized in 10 mM
Tris-HCI, 100 mM NaCl, 1 mM EDTA, pH 8, with Eppen-
dorf fitting pestles and vigorously vortexed. To favour
microbial cell lysis, homogenates were frozen again in
dry ice, thawed after 1 hour and vigorously vortexed.
DNA was then extracted following standard procedures
(SOP_07; www.microbiome-standards.org). Due to the
presence of brownish pigments and/or other unknown
contaminants inhibiting 16S rRNA gene amplification
(see “Metataxonomics by 16S rRNA gene sequencing,
bioinformatic analysis and statistics”), samples were
purified developing an ad hoc DNA purification proto-
col. In brief, samples were treated with solutions C2 and
C3 of the DNeasy” PowerSoil” kit (Qiagen, Milan, Italy)
according to manufacturer’s instructions. Total DNA
was then purified using the NucleoSpin® gDNA Clean up
was then purified using the NucleoSpin® gDNA Clean up
kit (Macherey-Nagel, Dueren, Germany) and quantified
by the Qubit™ dsDNA High-Sensitivity Assay kit (Ther-
moFisher Scientific, MA, USA). The same protocol was
adopted for DNA extraction from the fresh rearing sub-
strate (i.e. moistened CS) and rearing residues. Five sam-
ples of both fresh and rearing residues were collected
and processed for DNA extraction and metataxonomics
for each of 3 independent rearing experiments.
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Metataxonomics by 16S rRNA gene sequencing,
bioinformatic analysis and statistics

The V3-V4 region of the 16S rRNA gene was amplified
using primers and PCR conditions previously described
(Berni Canani ef al., 2017) with minor modifications. In
brief, since PCR inhibitors persisted after DNA purifica-
tion step, 4.5% (w/v) of polyethylene glycol and 0.072%
(w/v) of bovine serum albumin were added to the PCR
reaction mixture. These additives allow amplification of
small amounts of DNA in the presence of contaminants
(Wilson, 1997; Roux, 2009; Farell and Alexandre, 2012;
Lorenz, 2012).

Amplicon libraries were prepared according to the
Illumina standard protocol for amplicon sequencing
using a MicroLab Starlet platform (Hamilton) and
sequenced by Illumina MiSeq Platform by Novogene
(Cambridge, UK), leading to 2 x 250 bp reads. Data anal-
ysis was carried out in QIIME 2 (q2cli version 2020.11.1;
Bolyen et al., 2019), using the ‘dada2’ plugin with default
parameters. Filtering and Amplicon Sequence Variant
(ASV) table generation were carried out as described
by Sequino et al. (2022). Statistical analyses and plot-
ting were carried out in R environment (http://www
.r-project.org). Alpha-diversity indices (Shannon and
Simpson) were calculated using the function ‘diversity’,
while Bray-Curtis distance matrices were computed
using ‘vegdist’ (‘vegan' package). Pairwise Wilcoxon’s
tests were used to evaluate statistical significance.

3 Results

BSFL growth on coffee silverskin

The analysis of the composition of CS used in the
present study showed that, along with an expected high
fibre content (Gottstein et al., 2021; Nolasco et al., 2022b;
Narita and Inouye, 2014), this organic substrate was
rich in valuable nutrients as proteins and lipids (Table
1). In particular, it contained significantly much more
proteins and lipids than other substrates used in previ-
ous BSFL rearing trials by this research group (Table 1).
CS might thus represent an optimal candidate to chal-
lenge BSFL bioconversion potential. Larvae well toler-
ated and effectively consumed the CSD, indeed survival
was higher than 95% (Table 2).

Nevertheless, they showed a lower rate of weight gain
and a significant developmental delay compared to lar-
vae grown on STD, an optimal diet to rear this insect
species (Figure 1).

Larval weight gain on CSD was also markedly low
compared to what observed on other organic wastes,
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TABLE 1 Chemical composition of coffee silverskin (CS) (fresh) compared to other rearing substrates and of the rearing residues
represented by CS processed by the larvae and insect remains (e.g. exuviae, frass, and dead insects). Values are expressed as g
per 100 g of dry matter. n.d. = not detectable

Component CS (fresh) Rearing residue Standard diet? Vegetable mix diet?

Dry matter 93.1 94.0 91.0 89.1

Crude protein 20.7 231 14.1 10.3

Crude lipids 41 2.7 2.7 0.7

Crude fibreb 29.5 34.6 10.8 4.4

Nitrogen-free extract® 34.5 26.2 67.3 80.0

Ash 11.2 13.4 5.1 4.6

Hemicellulosed 12.8 9.6 21.3 3.6

Cellulosed 22.1 26.6 9.7 4.6

Lignind 18.6 21.2 3.7 13

Starch 0.02 0.02 18.8 11.6

Glucose and fructose n.d. n.d. 3.3 12.8

includes most of cellulose and insoluble lignin

Ao o

values calculated from neutral and acid detergent fibre analyses

TABLE 2 Black soldier fly larvae growth parameters, coffee
silverskin diet reduction, and bioconversion indexes.
Data are reported as mean + standard error obtained
in 4 independent rearing experiments. Indexes were
calculated on dry weight basis and considering a

duration of the bioconversion process of 19 days

Value

96.3 £ 0.6
0.028 + 0.004
96.6 + 3.1

Parameter

Survival rate (SR) (%)

Relative growth rate (RGR)

Maximum weight (mg)

Substrate reduction (D) (%) 245+0.5

Waste reduction index (WRI) (%) 1.288 + 0.024

Efficiency of conversion of ingested food 28.7 £ 4.1
(ECI) (%)

Nitrogen conversion efficiency (NCE) (%) 36.3 + 3.4

with only a few exceptions (e.g. manure, brewer’s spent
grain, and shrimp waste) (Diener et al., 2009; Oonincx
et al., 2015; ur Rehman et al., 2017; Meneguz et al., 2018;
Jucker et al., 2020; Pliantiangtam et al., 2021; Veldkamp
et al., 2021; Eggink et al., 2022).

Rearing substrate reduction and bioconversion
BSFL were able to reduce the substrate of about 25% in
dry weight (Table 2, Figure 2).

The modest substrate reduction compared to other
organic wastes (Nyakeri et al., 2017; Meneguz et al., 2018;
Jucker et al., 2020; Lu et al., 2021; Pliantiangtam et al.,
2021) was likely due to the high content of cellulose,
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Values from Bonelli et al. (2020) obtained with the same experimental protocols and analytical procedures as in this study

includes sugars, carbohydrates, organic acids, pectins, soluble lignin, hemicellulose and a small percentage of cellulose

STD
250} -©- Silver Skin
D 200}
E
2 B Time,.,
(=Y
‘¢ 100} l
= M
S0
oLr—-= 1 1 1 1 1
5 10 15 20 25 30
days from hatching
FIGURE 1  Growth of black soldier fly larvae on coffee silverskin

diet and standard diet. The larval weight was recorded
until pupation. The day in which the larvae reached
the maximum weight was considered the end of the
larval stage, then insects entered the prepupal stage
and stopped feeding. The data represent the mean +
error standard of at least 3 replicates.

lignin, and ash, which were not relevantly degraded and
metabolized by the larvae as demonstrated by their per-
centage increase in the rearing residue (Table 1). Inter-
estingly, unlike the aforementioned fibres, hemicellu-
lose appeared to be consumed and degraded by the lar-
vae (Table 1).
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FIGURE 2  Coffee silverskin (CS) used to prepare the rearing

substrate (on the left in A and B panels) and dry
rearing residue obtained after black soldier fly larvae
rearing for 19 days (on the right in A and B panels). The
different appearance of the substrate and the strong
reduction in volume after insect rearing are clearly
appreciable. The substrate was reduced by 25% in dry
weight.

WRI (Table 2), that along with substrate reduction
takes into account the time spent by the larvae on the
substrate, was in line, or even higher, compared to other
organic wastes, as manure and silage grass (ur Rehman
et al., 2017; Veldkamp et al., 2021). Importantly, ECI and
NCE indexes (Table 2) demonstrated an effective CS bio-
conversion, in line with the high crude protein content
of the biomass (Table 3), which was higher than, or com-
parable to, the values obtained for BSFL reared on many
different organic wastes and by-products, or even on
optimal substrates (Meneguz et al., 2018; Cappellozza et
al., 2019; Jucker et al., 2020; Surendra et al., 2020; Eggink
etal., 2022).

It is worth noting that also chitin content was ful-
filling, as it was higher than in most published studies
(Cappellozza et al., 2019; Surendra et al., 2020; Eggink
et al., 2022). On the contrary, crude lipids content was
relatively low compared to larvae grown on optimal sub-
strates or wastes (from 5 to 12 times less) (Meneguz et
al., 2018; Cappellozza et al., 2019; Jucker et al., 2020; Par-
odi et al., 2020; Surendra et al., 2020; Lu et al., 2021;
Eggink et al.,, 2022).

F. DE FILIPPIS ET AL.

TABLE 3 Chemical composition of black soldier fly larvae reared
on coffee silverskin diet (CSD). As a comparison, the
composition of larvae reared on a fruit and vegetable
mix (Vegetable Mix Diet, VMD), determined with the
same analytical procedure (Cappellozza et al., 2019), is
reported. Values are expressed as g per 100 g of dry
matter. n.d., not detectable

Component CSD VMD

Dry matter 92.7 97.0

Crude protein 55.9 394

Crude lipids 3.7 35.6

Ash 224 7.1

Chitin 7.2 4.0

Nitrogen-free extract? 10.8 13.9

Starch 1.0 1.8

Glucose and fructose n.d. 0.3

a Includes sugars, carbohydrates, and organic acids.

Microbiota composition in the different regions of BSFL
midgut, hindgut, rearing substrate, and rearing
residues
As in other flies, the intermediate region of BSFL gut,
the midgut, is characterized by striking regionalization
(Terra, 1990; Buchon et al.,, 2013; Buchon and Osman,
2015; Bonelli et al., 2019, 2020; Caccia et al., 2019). In
particular, the midgut can be divided into 3 regions (i.e.
anterior, middle, and posterior) each characterized by
unique structural and functional features, luminal pH
(mildly acidic, highly acidic, and alkaline in the anterior,
middle, and posterior midgut, respectively) and micro-
biota composition (Bonelli et al, 2019, 2020; Bruno et
al., 2019; Bruno et al., 2024). Therefore, in the present
study the composition of the bacterial community was
analysed in the 3 midgut regions separately. In addi-
tion, as in some insects the posterior part of the gut (i.e.
the hindgut) is the major site where digestion of dietary
fibres occurs with the support of hydrolytic degradation
by resident microorganisms (Engel and Moran, 2013;
Brune, 2014; Jang and Kikuchi, 2020), the microbial
community of the hindgut was investigated, too.
Microbial diversity decreased from the anterior to the
posterior part of the midgut (Figure 3), as previously
reported for BSFL grown on other substrates (Bruno et
al., 2019). Consistently, we observed a clear clustering
of the samples according to the intestinal region (Fig-
ure 4). Interestingly, microbiota composition of rearing
residues was similar to that of the anterior midgut (Fig-
ures 4, 5 and 6) corroborating previous results on BSFL
reared on STD (Bruno et al., 2019).
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FIGURE 3  Box plot showing Shannon and Simpson biodiversity indices in the different samples. Significance was evaluated by pairwise
Wilcoxon'’s tests (*P < 0.05; **P < 0.01; ***P < 0.001; **** P < 0.0001).
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FIGURE 4 PCoA based on Bray-Curtis distance matrices obtained from microbiota composition at genus level.

At phylum level, Verrucomicrobia and Planctomyces
were present, albeit at low percentages, in the micro-
bial community of the anterior midgut, but were not
represented in posterior midgut and hindgut, nor in the
rearing residue (Figure 5). In addition, it is worth noting
that Proteobacteria, dominant in the anterior and mid-
dle midgut, almost disappeared in the posterior midgut
(Figure 5). Similarly to Proteobacteria, Bacteroidetes
well tolerated anterior and middle midgut environment,
but disappeared in posterior midgut. Actinobacteria
and Firmicutes were dominant in the posterior midgut,
while Bacteroidetes and Firmicutes characterised the
microbial community in the hindgut, together with Pro-
teobacteria.

More specifically, Actinomyces and Paenibacillus
increased from the anterior to the posterior midgut,
while Brevundimonas, Devosia, Sphyngomonadaceae,
and Phyllobacteriaceae, that were present in the ante-
rior and middle midgut, were not found in the posterior
tract (Figure 6). In addition, Asticcacaulis, Flavobacteri-
aceae, and Microbacteriaceae decreased from the ante-
rior to the posterior part. Finally, several taxa, absent or
present at very low abundance in the midgut, appeared
in the hindgut, such as Dysgonomonas and unidentified
Lachnospiraceae and Ruminococcaceae (Figure 6). The
hindgut was indeed characterized by a peculiar micro-
biota composition that did not mirror any midgut tract,
nor the substrate, and had lost the Actinobacteria com-
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ponent which was in contrast highly represented in the
middle and posterior midgut (Figures 5 and 6).

4 Discussion
The present study aimed to provide a comprehensive
evaluation of BSFL ability to grow and biotransform CS,
one of the major by-products of the coffee industry, and
of the nutritional quality of the insect biomass. The dif-
ferent aspects herein explored provide a complete pic-
ture which is essential to exploit BSFL as bioconversion
agents of CS and to set the stage for the development
of strategies to increase their efficacy at industrial level.
Moreover, the microbiota composition was evaluated in
the different gut regions to shed light on microbes that
may contribute to CS bioconversion thanks to their abil-
ity to digest complex plant polymers (e.g. hemicellulose
and lignocellulose) and on the gut district where these
activities may take place.

Despite a modest weight gain of BSFL, the obtained
biomass has valuable characteristics in terms of chem-

ical composition. Indeed, crude protein content is
remarkably high compared to BSFL reared on other sub-
strates. Interestingly, the crude protein yield (i.e. 56 g
per 100 gr of dry biomass) is higher not only than in lar-
vae reared on organic wastes or by-products, but also
than those grown on optimal substrates in terms of
nutrient content and availability (Diener et al., 2009;
Oonincx et al., 2015; Meneguz et al., 2018; Jucker et al,,
2020; Surendra et al., 2020; Eggink et al, 2022), such
as a vegetable mix diet (Cappellozza et al.,, 2019). This
evidence highlights that the insect biomass obtained
from CS bioconversion could be used as a sustainable,
cost-effective alternative to traditional protein sources
like soybean and fishmeal in animal nutrition, minimis-
ing the environmental impact of the substrates used for
feed production (Smetana et al., 2016, 2021; Ferronato et
al., 2024). In addition, chitin, also present in excellent
amount in larvae reared on CS (see, for comparison,
Cappellozza et al., 2019; Surendra et al., 2020; Galassi
et al., 2021; Eggink et al., 2022), can positively modu-
late gut microbiota community in fish (Rimoldi et al.,
2023) and broilers (Sedgh-Gooya et al., 2021), as well

JOURNAL OF INSECTS AS FOOD AND FEED 11 (2025) 735—750



SILVER SKIN BIOCONVERSION THROUGH BSF LARVAE AND THEIR GUT MICROBIOTA

743

107 [ Others <2% FIRMICUTES:
PROTEOBACTERIA: B g_ Sedimentibacter
B g_ Stenotrophomonas B f_ Veillonellaceae
B g_ Luteimonas B g_ Ruminococcus
B g_ Pseudomonas [J f__Ruminococcaceae
B g_ Acinetobacter B g_ Coprococcus
B g_ Klebsiella [ f__Lachnospiraceae
B g_ Erwinia [ f__Enterococcaceae
[0 f__Enterobacteriaceae B g_ Lysinibacillus
B f_ Oxalobacteraceae B f_ Planococcaceae
B f_ Alcaligenaceae [0 g_ Paenibacillus
B f_ Sphingomonadaceae B g_ Brevibacillus
2 O f__Phyllobacteriaceae [0 f__Paenibacillaceae
S B g_ Devosia B g_ Bacillus
g B g_ Brevundimonas
) g__Asticcacaulis [ f_ Chitinophagaceae
g PLANCTOMYCETES: B g_ Sphingobacterium
8 O f_ Pirellulaceae @ f_ Sphingobacteriaceae
E [ f_ Flavobacteriaceae
[ g_ Dysgonomonas
— ———
B f_ Micrococcaceae
[ f_ Microbacteriaceae
B g_ Brevibacterium
[0 g_ Actinomyces
Coffee Rearing Anterior Middle Posterior Hindgut
Silverskin residues midgut midgut midgut
FIGURE 6 Stacked bar chart that shows the relative abundances of bacterial genera identified in the midgut (anterior, middle, and

posterior), hindgut and substrate samples analysed. Values are the average of 3 replicates. Genera with an abundance of <2%

are summed up and shown as “others.”

as their growth rate (Lokman et al,, 2019). Due to the
astonishing variety of applications in medicine, cosmet-
ics, plant protection, feedstock, the demand of chitin
and its derivative chitosan is rapidly increasing (Crini,
2019; Bakshia et al., 2020; Huang et al., 2023; Yanat and
Schroen, 2023), and insects represent a more sustain-
able and reliable alternative source of these molecules
compared to the current one, i.e. seafood waste (Hahn
et al., 2020; Bulak et al., 2023).

Taking into account that proper supplementation of
CS-based rearing substrate can result in an improved
weight gain of the larvae and in their lipid content
(crude lipids account for less than 5% of dry biomass
in our experimental conditions), the use of CS for
BSFL rearing can have practical applications in feed
formulation (Olivotto et al., 2017). The addition of var-
ious amounts of microalgae to CS led to an interesting
increase of unsaturated fatty acids in the larvae, particu-
larly of omega-3 (Truzzi et al., 2020; Zarantoniello et al.,
2020). However, in the framework of circular economy,
it is important to address all those issues related to the
use of environmental resources, finding new alterna-
tive ingredients for marine aquafeeds without exploit-
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ing marine bioresources (e.g. microalgae; Rodrigues et
al., 2022). Indeed, several studies have demonstrated
that blends of organic wastes and agri-food by-products
with different chemical composition can improve BSFL
growth and the quality of the obtained biomass (Oon-
incx et al., 2015; ur Rehman et al,, 2017; Pliantiangtam
et al., 2021; Veldkamp et al., 2021; Ceccotti et al., 2022).
Similarly, in line with the current demand of sustain-
able and circular product chains, blends of CS and other
organic by-products and wastes could be designed to
improve CS exploitation.

Summarising, CS is a by-product that can be biocon-
verted and valorised by BSFL; moreover, the obtained
insect biomass is particularly rich in protein and chitin
and therefore can be used for feed production. On
the contrary, the use of CS for colony maintenance is
not recommended as the larval growth performance on
this by-product is not satisfactory and cheap nutrient-
balanced substrates are available to this purpose.

Further efforts will be devoted to finely character-
ize the ash content and explore sustainable methods to
reduce its levels in a potential BSFL-based feed, as high
mineral content may exert detrimental effects, primarily
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on monogastric species (Bikker et al., 2020). In addition,
composition of crude lipids and amino acid profiles of
crude proteins will also deserve further investigations
to better define the proper type of biomass exploitation
(Surendra et al., 2020).

This study describes, for the first time, the bacterial
gut microbiota of BSFL reared on CS in the different
regions of the gut (i.e. the 3 districts of the midgut
and the hindgut). We showed that the morphofunc-
tional regionalization of the BSFL gut (Bonelli et al.,
2019, 2020; Bruno et al., 2024) affected microbiota com-
position in BSFL reared on CS as previously demon-
strated for other substrates (Bruno et al.,, 2019; Auger
et al., 2023; Vandeweyer et al., 2023). Moreover, since
the microbiota associated to fresh rearing substrate and
rearing residues were herein analysed, possible corre-
lations among them and those present in gut regions
can be drawn. In particular, microbiota associated to
the rearing residue and to the anterior midgut were
very similar; the middle midgut, characterized by lumi-
nal highly acidic pH (Bonelli et al., 2019), significantly
shaped the composition of the bacterial community as
in the posterior midgut the associated microbiota was
less diversified and dominated by Firmicutes and Acti-
nobacteria (i.e. 97% of posterior midgut species belong
to these phyla). Importantly, hindgut was characterized
by a unique microbiota with a few, but highly repre-
sented, taxa.

Microbiota regionalization may imply changes in the
genetic pool of bacterial communities in the different
tracts and thus to functions, including those related to
specific degradation pathways of potential biotechno-
logical interest (e.g. degradation of complex plant poly-
mers as lignocellulose) as recently demonstrated for
plastic polymers (De Filippis et al., 2023). The results
here reported supported this hypothesis. Paenibacillus
and Actinomyces, which increased in abundance in the
middle and, most of all, in the posterior midgut, have
been reported as hemicellulose degraders (Schifer et
al., 1996; Saini et al., 2015; Lopez-Mondéjar et al., 2016).
This may suggest a specific selection occurring in the
different tracts of the BSFL midgut, that confers the pos-
terior midgut the ability to degrade complex carbohy-
drates thanks to the resident microbiota. In accordance,
the hemicellulose content in the rearing residues was
lower than in CS, indicating that this fibre was effec-
tively degraded by BSFL larvae. A very intriguing aspect
that emerged from microbiota analysis was the bacterial
community of the hindgut, dominated by strictly anaer-
obic Firmicutes and the Bacteroidetes Dysgonomonas.
The latter was reported as dominant in the posterior
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midgut of BSFL reared on STD and a vegetable-based
diet (Bruno et al, 2019). In contrast, Dysgonomonas
spp. were absent in the midgut of BSFL reared on a
high protein diet (Bruno et al., 2019) and both in the
midgut and hindgut of BSFL reared on 3 different indus-
trial residual streams (Vandeweyer et al, 2023). In the
present work, Dysgonomonas represents the most abun-
dant taxon in the hindgut (about 30%). This genus is
common in insect gut (Bridges and Gage, 2021) and has
been reported as common inhabitant of xylophagous
insects such as termites and wood-feeding cockroaches
and it is attracting interest for its lignocellulosic activity
(Luo et al., 2019; Bridges and Gage, 2021). In addition,
it was identified as a major component of the bamboo
snout beetle Cyrtotrachelus buqueti, that showed a high
lignocellulosic degradation activity (Luo et al, 2019).
Moreover, the genus Dysgonomonas was abundant in
the gut of BSFL reared on lignocellulosic diets and meta-
transcriptomes were enriched of transcripts related to
enzymes with hemicellulolytic activity (Kariuki et al,
2023). This evidence and the absence of Dysgonomonas
in the hindgut of BSFL reared on 3 different substrates
(Vandeweyer et al., 2023) suggests a correlation between
these bacteria and the high lignocellulose content of CS
and, possibly, their involvement in lignocellulose degra-
dation.

As concerns Firmicutes, members of the Ruminococ-
caceae and Lachnospiraceae families, they represented
about 25% of taxa found in the hindgut. These are
the most abundant families of the order Clostridiales
in the mammalian gut environment and share a com-
mon role as active degraders of complex plant material
(Biddle et al., 2013). Indeed, the abundance of Lach-
nospiraceae and Ruminococcaceae has been correlated
to a high fibre diet (Liu et al,, 2022; Pu et al., 2022) and
Ruminococcus species are universally present and pre-
dominant in rumen bacterial community where they
are responsible for cellulose and hemicellulose diges-
tion) (Weimer, 2022). Although a decrease in cellulose
and lignin content was not detected, a strong selection
of cellulolytic and/or ligninolytic bacteria and functions
cannot be excluded.

The picture of the gut microbiota of BSFL reared on
CS that emerged from the present study is significantly
different from that previously obtained by Osimani et al.
(2021). This is likely due to the difference in the starting
material (i.e. DNA from separated midgut tracts con-
tent or hindgut in the present study versus DNA from
whole larvae). Biodiversity is higher and bacterial com-
munities are more complex in the present study com-
pared to the previous report and this is evident both at
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phylum and lower taxa levels (Figures 5 and 6). Most
of the taxa detected in that study were also identi-
fied in the present work, except for those associated to
the hindgut that were not detected in the microbiota
from whole larvae. The overall comparison suggests that
using DNA from whole larvae may cause an underesti-
mation of bacterial community complexity, likely due to
the PCR amplification step (Huys et al., 2008; Walker et
al., 2020). Indeed, bacterial amplicons to be sequenced
were obtained using a DNA template in which bacte-
rial DNA represented a very minor fraction compared to
eukaryotic DNA (Huys et al., 2008; Walker et al., 2020).
The present work highlights the possibility of using
BSFL-mediated biotransformation for developing sus-
tainable value chains for CS waste valorisation. In addi-
tion, as CS significantly shaped the gut microbiota of
BSFL and some bacterial spp. may be related to fibre
degradation, the microbiota of BSFL reared on CS may
represent a valuable source of bacterial strains and
genes with biotechnological potential for the degrada-
tion of lignocellulosic biomass. Since sets of diverse
enzymes are required for the complete depolymeriza-
tion of such plant material (Cann et al., 2020; Weimer,
2022; dos Santos et al., 2023; Grgas et al., 2023), it is
important to search for consortia with the comprehen-
sive metabolic machinery for depolymerizing polysac-
charides to their carbon/energy-rich building blocks.
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