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Abstract

Within the framework of a circular bioeconomy, the valorisation of organic waste streams into high-value
biomolecules represents a sustainable strategy to reduce environmental burdens while generating renewable
resources. In this context, the black soldier fly (Hermetia illucens, BSF) has emerged as an effective biocatalyst for
converting the organic fraction of municipal solid waste (OFMSW) into high-value biomolecules. We investigated
how two surrogate OFMSW substrates (s-OFMSW and a nutrient-modified variant) and two developmental stages
(last-instar larvae and 4-day-old pupae) shape BSF biomass composition. Lipidomic and proteomic profiles were
characterised and analysed by two-way ANOVA, clustering, pathway enrichment, and cross-omics correlation.
Protein isolates showed high purity with stage- and diet-dependent solubility; essential amino acids were
comparatively enriched in larvae. The developmental stage was the main driver of lipidomic variation, whereas
diet more strongly influenced the proteome, particularly in pupae. Larvae reared on the lipid-rich s-OFMSW
accumulated energy-dense lipids (such as triacylglycerols and fatty acids), consistent with metabolic demands
preceding metamorphosis. Pupae showed increased fatty acid esters of hydroxy fatty acids and diacylglycerols
and uniquely accumulated monoacylglycerols, phosphatidylserines/ethanolamines and acylcarnitines, reflecting
lipid mobilisation and membrane remodelling. The modified s-OFMSW promoted the accumulation of structural
lipids (sphingomyelins, lysophosphatidylcholines) together with triacylglycerol storage. Lipid pathway enrichment
consistently highlighted glycerophospholipid metabolism, and integrative analyses revealed coordinated regulation
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across proteins and metabolites. Overall, diet composition and developmental stage jointly and predictably
modulate BSF lipid and protein landscapes and chitin yields, enabling rational optimisation of rearing strategies
to tailor biomass quality for feed, materials, and other biotechnological applications.
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1 Introduction

In recent years, the black soldier fly (BSF, Hermetia illu-
cens) has emerged as a promising biotechnological tool
for the conversion of organic waste and by-products into
high value biomolecules that, in turn, can be used as row
materials for several applications, a process in line with
circular bioeconomy principles (Bruno et al., 2025b;
Tettamanti and Bruno, 2024). A sustainable, straight-
forward workflow, that uses an integrated fractiona-
tion procedure combining defatting, alkaline protein
solubilisation and acid selective precipitation, for the
extraction and separation of proteins, lipids, and chitin
from BSF larvae has been proposed by (Caligiani et al.,
2018). Moreover, specific procedures for the extraction
of lipids and proteins have been reported (Leni et al.,
2017; Caligiani et al., 2018; Bonomini et al., 2024). The
residual organic fraction represents the source for the
extraction of chitin. Recently, we improved the extrac-
tion of biomolecules from BSF (Bruno et al., 2025a—c),
demonstrating that larvae reared on the organic fraction
of municipal solid waste (OFMSW) vyield high-purity
biomolecule fractions. That study specifically focused
on protein recovery, and the fraction we obtained had
a significant degree of purity, suitable for developing
conductive biodegradable protein-based plastic films
(Testa et al, 2025a). Unfortunately, the overall extrac-
tion process was energy-intensive especially because of
the defatting step (Bruno et al.,, 2025b). However, very
recently, for the isolation of the chitin fraction, a novel
green and sustainable pipeline employing deep eutec-
tic solvents (DES) (i.e., menthol:lactic acid and choline
chloride:lactic acid) combined with microwave-assisted
extraction has been developed (Miceli et al., 2024). This
methodology allows bypassing the energy-demanding
defatting step leading to the recovery of high-quality
chitin while allowing >80% solvent reuse. This method
represents one of the few approaches for chitin prepa-
ration from insects that, being based on DES, is truly
green and aligns with sustainability criteria that avoids

hazardous reagents while enabling efficient recovery of
chitin from insect biomass (Mersmann et al., 2025).
Focusing on the industrial application of the three
main components (proteins, lipids, and chitin), lipid
fractions, primarily composed of medium-chain satu-
rated and monounsaturated fatty acids such as lau-
ric and oleic acid, are well-suited for both feed and
non-food applications, including biodiesel production
(Mohan et al., 2023). Beyond feed, the valorisation of
lipids and free fatty acids extracted from insects also
includes their use as surfactants (Franco et al., 2021).
Protein isolates from BSF larvae are being increasingly
studied for their nutritional potential in aquaculture,
poultry, and pet feed, as they offer a balanced amino
acid profile rich in lysine, leucine, aspartic and glu-
tamic acid (Macwan et al., 2024). Moreover, the emul-
sifying and gelling capabilities of BSF protein extracts
make them suitable for novel food formulations (Kumar
et al., 2022). In cosmetic and pharmaceutical formula-
tions, hydrolysed BSF proteins and lipids (based on the
high lauric acid content, approx. 40-60%) show promis-
ing bioactive properties, including antioxidants, antimi-
crobial, and anticancer activities (Franco et al, 2022;
Praseatsook et al., 2025). Lastly, high-purity BSF proteins
have been used to produce functional materials such as
biodegradable bioplastics possessing interesting proper-
ties such as high conductivity and flexibility (Bruno et
al., 2025b; Testa et al., 2025a,b). Concerning chitin and
its deacetylated derivative, chitosan, which are obtained
from the exoskeleton, these biomolecules possess sig-
nificant potential as functional polymers (Witono et
al., 2024). Their antimicrobial, film-forming, and metal-
chelating properties have led to applications in wastew-
ater treatment, wound healing, controlled drug delivery,
and biodegradable packaging (Chicea et al., 2024; Sid-
diqui et al., 2024). Notably, BSF-derived chitin has been
also used in developing hydrogels, nanocomposites, and
scaffolds for tissue engineering, showing comparable or
superior performance to crustacean-derived materials,
as well as to produce high-quality chitosan with tailored
physicochemical characteristics (Giani et al., 2025).
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Despite growing interest in BSF-derived products, sig-
nificant knowledge gaps remain regarding the standard-
ised characterisation and functional properties of its
protein, lipid, and chitin fractions, as well as their safety
and variability across production and processing sys-
tems, which currently limit their optimised and large-
scale exploitation not only in food and feed applications
(Bruno et al., 2026), but also for advanced applications
in biomedical, biotechnological, and agricultural sectors
(Tettamanti and Bruno, 2024). Moreover, the valori-
sation strategies collectively underscore the economic
and environmental viability of BSF-based biorefiner-
ies and reinforce their role as pivotal elements in the
transition to bio-based circular value chains. For these
reasons, the present study aims to investigate how the
composition of the rearing substrate and its nutrient
content affect the qualitative and quantitative profiles
of lipids and proteins extracted from BSF larvae and
pupae. In particular, the larvae were reared on two
substrates formulated to mimic the OFMSW. The use
of these artificial diets, whose composition reflects the
variability of this waste (Fisgativa et al., 2016), ensures
that the experiments are conducted under reproducible
and standardised conditions. Understanding the rela-
tionship between the chemical composition of the
OFMSW and the macromolecule profile obtained from
the insect biomass at the end of the bioconversion pro-
cess is essential for developing a supply chain support-
ing OFMSW treatment and valorisation.

2 Materials and methods

Insect rearing

BSF rearing was performed as reported in (Pimentel et
al., 2017). Briefly, after oviposition, newly hatched larvae
were reared on two experimental substrates mimick-
ing the OFMSW: “s-OFMSW”, which contained higher
amounts of proteins, lipids and polysaccharides on both
an “as fed” and “dry matter” basis, and “modified s-
OFMSW?”, in which simple sugars were more abundant
(see Tables S1and S2 in the Supplementary materials for
the composition of both substrates). In both cases, “s”
stands for “surrogate’, as previously reported by Bruno et
al. (2025a). Moreover, the composition of a real OFMSW
(r-OFMSW) was used as a reference, for the sake of
comparison (Table S2 in the Supplementary materials).
Before feeding the larvae, all ingredients used for the
preparation of s-OFMSW and modified s-OFMSW were
thoroughly mixed and homogenised using a shredder to
obtain the final substrates. Batches of 300 larvae were
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grown in plastic containers (16 x 16 x 9 cm), fed with the
selected diets, and maintained in the dark at 27 + 0.5
°C and 70 = 5% relative humidity for the whole larval
period. Once insects reached the appropriate develop-
mental stage for the analyses (i.e., last instar larvae and
4-day-old pupae) (Bruno et al., 2025b), they were col-
lected from the substrate, washed to remove food debris,
frozen at —-20 °C for 24 hours and then dried at 60 °C
overnight. Subsequently, the different samples were pro-
cessed as reported below.

Protein and lipid extraction

The extraction procedure was carried out from five bio-
logical replicates for each condition (last instar larvae
and 4-day-old pupae grown on both substrates), and
each analysis was repeated at least three times. For
each replicate, the procedure was carried out using
20 g of frozen biomass, desiccated in an oven at 60 °C
overnight. Each dried-frozen sample was ground with an
IKA AlO laboratory grinder for 2 min and 20 000 rpm,
and used for extraction (Bruno et al., 2025b).

Briefly, lipids were extracted by Soxhlet extraction
(Caligiani et al.,, 2018) with petroleum ether for 18 h.
Extracted lipids were stored at —20 °C and unfrozen only
prior to the analysis.

Proteins were extracted from the lipid-free solid fol-
lowing a modified procedure from (Smets et al., 2020)
based on dispersion in demineralised water adjusted at
pH 11 with a1.0 M NaOH solution (the condition of max-
imum solubility), centrifugation and filtration. While
the supernatant was adjusted to pH 4.0 with a1.0 M HCI
solution (the condition of minimum solubility) to pre-
cipitate the proteins, the solid fraction containing chitin
was stored at —80 °C (Bruno et al., 2025b).

Total carbohydrate, ash and chitin content
The non-chitin polysaccharides along with the total
sugar content were determined on 100 mg of ground
sample added with 10 ml of 3 M HCI and boiled for
3 hours; the solution was neutralised with Na,COgq
at room temperature. 1 ml of the solution was cen-
trifuged at 16 000xg for 15 min at room temperature.
The reducing carbohydrate content was measured with
the phenol-sulfuric acid method (Sadasivam and Man-
ickam, 2005; Bruno et al.,, 2025b). The potential con-
tribution of chitin to the carbohydrate content was
determined by preparing a standard curve with 1 mg/ml
N-acetyl-D-glucosamine (Merck, St. Louis, MO, USA).
The chitin was extracted according to the formic
acid/sodium hydroxide method by (Hahn et al., 2022)
using 3 g of the defatted, deproteinised samples (Bruno



et al., 2025b). The extraction yield was calculated as the
weight ratio (%) of the dried and bleached chitin extract
to the initial dried insect sample.

Ashes were determined according to UNI EN 14775
by sample incineration at 550 °C for 8 hours. They were
calculated as the weight ratio (%) of the ashes to the
initial dried insect sample.

Composition of protein extracts

The total protein concentration was determined by acid
hydrolysis followed by the ninhydrin assay (Starcher,
2001). The protein yields were calculated as the weight
ratio (%) of the dried protein extract to the initial
dried insect sample weight. Furthermore, the compo-
sition of the protein extracts was determined to assess
its purity (expressed as protein content percentage)
by determining the residual carbohydrate contents, as
reported below. Protein secondary structure composi-
tion was determined by far-UV circular dichroism (CD)
(Caldinelli et al., 2009).

The quantitative evaluation of solubility of protein
samples was determined using a modified version of the
method by (Mshayisa et al., 2022). Each sample (10 mg)
was dispersed in 1 ml of phosphate buffer (0.1 M K,HPO,
and KH,PO, in a 1:1 molar ratio, adjusted to the required
pH using 1 M HCl or 1 M KOH) and then incubated on
a rotary shaker for 30 minutes at room temperature.
The samples were centrifuged at 16 000xg for 20 min-
utes at 4 °C. The protein content of the supernatant was
determined using the Bradford assay (Sigma-Aldrich, St
Louis, MO, USA). Protein solubility was calculated as fol-
lows and expressed as a percentage:

protein content in supernatant

Solubility = 0 (1)

total protein content in sample *
The amino acid and total protein content analysis was
performed by Creative Proteomics (Shirley, NY, USA) by
HPLC analysis. In detail, approx. 3 mg of each sample
was soaked in 800 pl fresh performic acid overnight,
then dried under a nitrogen flux. In parallel, basic
hydrolysis was performed with 200 ul of 4.2 M NaOH at
110 °C for 24 hours; NaOH was then neutralised with 200
ul of 42 M HCl and 600 pl of norleucine dilution buffer
was added. A third hydrolysis was performed with 200 ul
of 6 M HCI-1% phenol at 110 °C for 24 hours: a sample of
the supernatant (containing 2.0 nmol norleucine) was
loaded for analysis into a Hitachi L-8900 Amino Acid
Analyser.
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Lipidomic analysis

The lipid extraction yields were determined as the
weight ratio (%) to the initial dried insect biomass, after
petroleum ether evaporation at 50 °C using a Laborota
4000 rotary evaporator (Heidolph, Schwabach, Ger-
many). Lipid composition was analysed on 10 mg lipid
extract, appropriately diluted, by mass spectrometry
using an ExionLC™ AD system (SCIEX) connected to
TripleTOF™ 6600 System (SCIEX) equipped with Turbo
V™ Ion Source with ESI Probe at UNITECH OMICs (Uni-
versity of Milano, Italy) (Bruno et al, 2025b; Furioso
Ferreira et al., 2025); two runs were performed for each
extraction. For the lipidomic analysis, five independent
biological replicates were used. To avoid the variance
throughout the sample preparation, data acquisition
and data pre-processing steps, quality control (QC) sam-
ples were analysed every 8 analyses. The QC samples
were prepared to be qualitatively and quantitatively rep-
resentative providing an average of all the lipids anal-
ysed.

Lipid analysis of polar species was performed by
means of tandem mass spectrometry and mass spec-
tral library search. Data processing was carried out
using the untargeted data processing program MS-
DIAL (v. 4.24; http://prime.psc.riken.jp/compms/msdial
/main.html) with LipidBlast database v. 68 (https://
Statistical
analysis was performed using MetaboAnalyst software,

fiehnlab.ucdavis.edu/projects/LipidBlast).

version 5.0.

Peak intensities were log, transformed, centred by
subtracting the median within each replicate, and sub-
jected to principal component analysis (PCA) by the
Perseus software (Tyanova et al., 2016) (Max-Planck-
Institute of Biochemistry, Martinsried, Germany; ver-
sion 1.5.8.5; http://www.perseus-framework.org). Log,
data were then subjected to two-way ANOVA analysis
to identify statistically significant differentially accumu-
lated metabolites (DAMs) depending on the diet used
to rear the larvae (regardless of the insect developmen-
tal stage), on the developmental stage of the insect
(regardless of the diet), or by the interaction between
these two factors. A false discovery rate (FDR) cut-off of
0.01 was considered to extrapolate statistically signifi-
cant comparisons. We then generated a heatmap of the
interaction-dependent DAMs using hierarchical cluster-
ing in Perseus with its default settings. Lipid Pathway
Enrichment Analysis (LIPEA) software was used to per-
form the pathway enrichment analysis of metabolites
(Acevedo et al., 2018) using Musca domestica as back-
ground organism.

JOURNAL OF INSECTS AS FOOD AND FEED 0 (2026) 1-17


http://prime.psc.riken.jp/compms/msdial/main.html
http://prime.psc.riken.jp/compms/msdial/main.html
https://fiehnlab.ucdavis.edu/projects/LipidBlast
https://fiehnlab.ucdavis.edu/projects/LipidBlast
http://www.perseus-framework.org

CROSS-OMICS ANALYSIS OF BSF REARED ON DIFFERENT DIETS 5

Proteomics and bioinformatic analysis

Proteomic analysis was performed using 2 g of whole
larvae and pupae ground in liquid nitrogen. Four inde-
pendent biological replicates were used. The powder
obtained was then sonicated three times on ice in
lysis buffer containing 7 M urea, 2 M thiourea and
1% protease inhibitor cocktail. After centrifugation at
12 000xg for 10 min at 4 °C, the supernatant was
collected and the protein concentration determined.
The extracted proteins were quantified using the Brad-
ford assay (Bradford, 1976) and digested with trypsin
via the filter aided sample preparation (FASP) tech-
nique (Wisniewski, 2019). Tryptic peptides were anal-
ysed using a QExactive mass spectrometer, following
established protocols (Domingo et al., 2024). Raw data
were processed with MaxQuant (v.1.5.3.3) to search
against the H. illucens UniProt database. Search param-
eters included up to two missed cleavages, fixed car-
bamidomethylation of cysteine, and variable modifi-
cations of methionine (oxidation). Peptide length was
set to a minimum of six amino acids, and precursor
mass tolerance was 4.5 ppm for the primary search.
Label-free quantification (LFQ) with match-between-
runs (0.7 min window) and a target-decoy strategy
(revert mode) was employed. Peptide and protein iden-
tifications were filtered to 1% false discovery rate (FDR),
and known contaminants and non-consistent identi-
fications were removed. Protein groups detected only
in two of the four biological replicates were not con-
sidered for the analysis. Missing values were imputed
using an in-house tool (Vannini et al., 2019). MaxQuant
output file hits were represented by a group of pro-
teins (group of IDs) sharing the same set or a subset of
peptides of the best matching leading protein. For bioin-
formatic analysis, only the leading protein was consid-
ered. Subsequent data processing such as log, transfor-
mation, median centring of LFQ intensities, PCA and
hierarchical clustering, were performed using Perseus
software (http://www.perseus-framework.org). Hierar-
chical clustering was conducted with default settings.
The mass spectrometry data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral
.proteomexchange.org) via the jPOST partner repository
(https:/ [repository.jpostdb.org) with the data set identi-
fier PXD068016 for ProteomeXchange and JPST004054
for jPOST (Okuda et al., 2025).

Due to the limited annotation of the H. illucens pro-
teome, a local BLAST search was performed against the
Drosophila melanogaster protein database (downloaded
from UniProt on May 1, 2025) to enable the use of
specific bioinformatics tools. Only BLAST hits with an
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expectation value (e-value) score below 0.05 were con-
sidered. The enrichment analysis was performed using
ShinyGO v0.82 (Ge et al., 2022) with a P-value cutoff
(FDR) of 0.05.

Lipid-related differentially abundant proteins (DAPs)
were identified by examining protein GO terms and
annotations across the following databases: InterPro
(https://www.ebi.ac.uk/interpro/), Pfam (http://pfam
xfam.org/), KEGG (https://www.genome.jp/kegg/),
UniProt (https://www.uniprot.org/), SMART (http://
smart.embl-heidelberg.de/), STRING (https://string-db
.org/), Reactome (https://reactome.org/), Monarch
(https://monarchinitiative.org/), and WikiPathways
(https://www.wikipathways.org/).

Correlation analysis between omics

The comprehensive, user-friendly platform OmicsAna-
lyst (https://www.omicsanalyst.ca/home.xhtml; Ewald
et al., 2024) was used for correlation analysis between
lipidomic and proteomic data. Analysis parameters
were as follows: Pearson correlation coefficient and
threshold values between-omics of 0.5.

3 Results

Extraction and characterisation of protein, lipid and
chitin components

The extraction of the different biological components
from dried BSF larvae and pupae reared on both sub-
strates was performed following the procedure reported
in (Bruno et al., 2025b). The amount of recovered lipids
was higher in larvae especially when reared on the
modified s-OFMSW, representing 42-44% of the start-
ing material vs. 38-42% for pupae (Table 1). Proteins
were recovered by precipitation at pH of minimum sol-
ubility (Smets et al., 2020): a slightly higher amount of
proteins was recovered from larvae and pupae reared
on modified s-OFMSW (15.1 and 14.0%, respectively) in
comparison with insects grown on s-OFMSW (12.9% at
both developmental stages; Table 1).

Chitin was isolated by basic and acidic chemical
treatments from the deproteinated residue. When s-
OFMSW was used as rearing substrate, a higher chitin
content (approx. 4.2%) was recovered from pupae com-
pared to larvae, while using the modified s-OFMSW as
rearing substrate, chitin was present to a larger extent in
larvae (5.1%; Table 1). The soluble carbohydrate content
was roughly the same among the samples, with an inter-
esting rise in the total carbohydrate content in larvae
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TABLE 1 Composition of the main components of BSF reared on two surrogate diets

s-OFMSW (%) Modified s-OFMSW (%)

Larvae Pupae Larvae Pupae
Lipids 419 £ 1.2a 40.6 £ 112 42.7 £1.02 40.7 + 0.42
Protein 13.0 £ 0.52 129+ 0.72 149 +1.62 14.0 £ 9.72
Defatted residue! 23.5 +1.02 34.8 + 0.7° 22.6 + 0.52 36.8 +0.8P
Chitin 3.0£0.12 4.2 +0.2b 29+0.12 4.7 £ 0.5P
Ash content 34+01 2.7+0.1 31+0.1 3.6 +0.2
Soluble carbohydrates? 1.9+0.1 1.7+0.5 1.9+0.2 1.8+0.1
Total carbohydrates? 29101 32+01 51+0.2 2.7+01

The results are expressed as the percentage of mass ratio with respect to the starting sample before defatting (approx. 20 g). Values represent
the mean + SEM of five replicates. Values sharing the same superscript lowercase letter (a, b) within a row are not significantly different
from each other (one-way ANOVA, Tukey’s HSD post hoc test, P < 0.05).

Dried solid pellet after removal of the soluble proteins, used for chitin extraction.
2 Carbohydrates determined as glucose equivalents on the resuspended protein extract; chitin and N-acetylglucosamine were not detected.
3 Carbohydrates determined as glucose equivalents on whole ground biomass after acid hydrolysis (3 M HCI, 3 h at 100 °C); chitin and

N-acetylglucosamine were not detected.

TABLE 2

Protein extract composition from BSF reared on two different surrogate diets

s-OFMSW (%)

Modified s-OFMSW (%)

Larvae Pupae Larvae Pupae
Protein content! 93.6 +10.8 87.8+7.8 79.6 +5.0 91.8 +3.9
Carbohydrate content? 55+0.5 34+02 1.5+£0.2 08+0.1

The results are expressed as the mass ratio percentage with respect to the dried protein extract. Values represent the mean + SEM of two

replicates. In all cases, DNA level was below detection.
Determined using the ninhydrin method.

2 When the resuspended protein extract was centrifuged prior to measuring the carbohydrates recovery, no significant variation was

observed.

compared to pupae when reared on modified s-OFMSW
(5.1vs 2.7%).

Altogether, the raw extraction yield of the three main
biological components (i.e., lipids, proteins and chitin)
was similar in samples from the two developmental
stages, with a higher amount of deproteinated and
defatted residue from pupae (Table 1).

Analysis of the protein fraction
The purity degree of the protein fraction, calculated
by the ninhydrin assay, was between 80 and 92% for
modified s-OFMSW and 88 and 94% for s-OFMSW. The
amount of residual free carbohydrates in the protein
extracts from the modified s-OFMSW varied between
0.8-1.5%, with a higher amount in larval extracts
(Table 2). When the insoluble components were sepa-
rated by centrifugation prior analysis, the carbohydrate
content did not differ significantly (1.0 + 0.1%).

Amino acid analysis showed that isolated protein
fractions were rich in Asp/Asn, Glu/Gln, Leu, Ala, Gly,

Lys, and Tyr in terms of molar ratios, and in Ala, Trp,
Glu/Gln, Leu, Tyr, Lys, and Phe in terms of weight ratios
(Table 3). Notably, larvae were enriched in Leu and Ala
compared to pupae.

The solubility of the protein extracts from larvae
reared on s-OFMSW and modified s-OFMSW is reported
in Figure 1: in all cases, an increase was apparent at
basic pH values. Notably, the proteins arising from the
modified s-OFMSW possessed a higher solubility than
the same fractions isolated from insects reared on the
s-OFMSW at all pH values. Moreover, a significantly
higher solubility was apparent for the proteins from
pupae compared to larvae at pH values higher than 8-9.

In terms of secondary structure content of the pro-
tein fraction, the CD signal in the far-UV region between
larvae and pupae reared on s-OFMSW was identical
(Figure S1A in the Supplementary materials), while
pupae reared on modified s-OFMSW showed a more
intense negative peak in the 200 nm region compared
to larvae (Figure SIB in the Supplementary materials).
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TABLE 3  Amino acid analysis of the protein extracts from BSF reared on s-OFMSW and modified s-OFMSW
Amino acid s-OFMSW Modified s-OFMSW
Larvae (%) Pupae (%) Larvae (%) Pupae (%)
Molar Weight  Molar Weight  Molar Weight  Molar Weight
ratio ratio ratio ratio ratio ratio ratio ratio
Non-essential amino acids
Asx! 11.14 11.43 12.60 12.66 1.72 11.92 12.51 12.64
Ser 4.94 3.84 4.60 3.50 4.73 3.64 4.66 3.56
Glx2? 9.51 10.94 9.34 10.53 8.99 10.26 9.83 11.14
Pro 5.45 4.72 5.05 4.28 4.94 4.24 5.33 4.54
Gly 7.82 3.98 7.45 3.72 7.72 3.90 7.57 3.79
Ala 8.54 541 6.59 4.09 7.97 5.01 7.10 4.43
Tyr 5.55 8.08 6.46 9.20 6.15 8.87 6.16 8.83
Essential amino acids
Thr 4.96 4.47 4.91 4.33 4.93 4.41 4.83 4.28
Arg 3.70 5.14 4.11 5.60 3.86 5.33 4.08 5.59
Cysteic acid 1.05 0.97 0.61 0.55 0.91 0.83 0.57 0.52
Val 6.26 5.53 6.10 5.28 6.31 5.53 5.99 5.21
Ile 514 5.19 4.98 4.92 5.16 5.17 4.89 4.86
Leu 8.31 8.38 7.80 7.71 8.35 9.36 7.80 7.75
Phe 4.94 6.48 5.40 6.94 5.19 6.75 5.09 6.58
His 2.55 3.12 2.83 3.39 2.68 3.25 2.82 3.39
Lys 6.65 7.59 7.26 8.13 6.82 7.73 7.04 7.92
Met sulfone 2.18 2.55 2.54 2.91 2.24 2.60 2.37 2.74
Trp 1.32 2.19 1.38 2.24 1.35 2.22 1.37 2.23

The results are expressed as percentage of the molar ratio and weight ratio for each amino acid.

1 Total Glu + Gln.
2 Total Asp + Asn.
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Solubility profile of proteins isolated from larvae (A) and pupae (B) reared on s-OFMSW (empty circle) (Bruno et al., 2025b)

and modified s-OFMSW (filled circle) at different pH values.

However, despite these spectral alterations, no signif-
icant difference in terms of secondary structure con-
tent, as predicted by DICHROWEB server, was evident
between larvae and pupae (Miles et al, 2022). On the
contrary, comparing the protein fractions isolated at
the same developmental stage, a higher content of o-
helices and a lower content in @-strands was observed
for samples reared on modified s-OFMSW than on s-
OFMSW (s-OFMSW: larvae 15.0% helix, 31.1% strand,
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20.9% turns; pupae: 17.6% helix, 28.9% strand, 21.9%
turns; modified s-OFMSW: larvae: 20.0% helix, 18.7%
strand, 26.2% turns; pupae: 23.0% helix, 14.0% strand,
25.4% turns).

Analysis of the lipid fraction

A total of 290 lipids, corresponding to 21 lipid sub-
classes, were identified and quantified in all samples
(Table S3 in the Supplementary materials). Principal



component analysis (PCA) showed that biological repli-
cates were plotted very closely in the PCA space, indi-
cating a good correlation between replicates (Figure S2
in the Supplementary materials). The samples obtained
from BSF pupae were separated in PCl from those
obtained from larvae and this accounted for approxi-
mately 68.2% of the total variation, indicating that the
developmental stage strongly influenced the lipidome.
The samples obtained from H. illucens reared on s-
OFMSW were separated in PC2 from those obtained
from insects fed with the modified s-OFMSW. This vari-
ation accounted for 23.7% of the total variation, sug-
gesting a smaller effect of diet on lipid content than the
developmental stage.

Identified lipids were then subjected to a two-way
ANOVA test (FDR < 0.01) to determine statistically
significant changes in the lipid composition due to
the rearing substrate, the developmental stage of the
insect, or an interaction between these two factors
(Columns AC-AE in Table S3 in the Supplementary
materials). Overall, s-OFMSW induced the accumula-
tion of a greater number of lipids in H. illucens, regard-
less of developmental stage. In fact, 114 lipids increased
in insects reared on s-OFMSW, while only 25 when the
rearing substrate was the modified s-OFMSW (Table
S4 in the Supplementary materials; Figure 2A). The s-
OFMSW diet resulted mainly in the accumulation of
triacylglycerols (TGs) and diacylglycerols (DGs) (Table
S4 in the Supplementary materials; Figure 2A). Further-
more, fatty acids (FAs) and fatty acid esters of hydroxy
fatty acids (FAHFAs) were present in large amounts and
almost exclusively in BSF grown on s-OFMSW. On the
other hand, the modified s-OFMSW only led to an accu-
mulation of TGs, sphingomyelins (SMs) and few DGs,
lysophosphatidylcholines (LPCs) and FAs. SMs accu-
mulated only in larvae and pupae reared on modified
s-OFMSW.

The insect’s developmental stage affected lipid abun-
dance, regardless of the diet used, with 98 lipids accu-
mulated in BSF larvae and 63 in pupae (Table S5 in the
Supplementary materials; Figure 2B). Larval lipids were
characterised by many TGs, which were present mainly
at this stage of development and represented 76.5%
of differentially accumulated metabolites (Table S5 in
the Supplementary materials; Figure 2B). Pupae, on the
other hand, showed increased amounts of FAHFAs, and
DGs and exclusively possessed monoglycerols (MGs),
phosphatidylserines (PSs), phosphatidylethanolamines
(PEs + lysophosphatidylethanolamine LPEs), and acyl-
carnitines (CARs).

G. DOMINGO ET AL.

Cluster analysis of 79 DAMs affected by an interac-
tion of both factors (Figure 2C; Tables S6 and S7 in the
Supplementary materials) revealed 4 main lipid profiles
(clusters) in which lipids accumulated according to a
specific combination of developmental stage and diet.
Overall, the wider composition in lipids was found in
larvae reared on s-OFMSW. Cluster 1 was mainly com-
posed of FAHFAs found in larger amounts in larvae
reared on s-OFMSW. In Cluster 2, among all conditions
tested, TGs were mainly present in larvae reared on
modified s-OFMSW, while PEs and PCs were more abun-
dant in larvae and pupae reared on modified s-OFMSW
diet and pupae reared on s-OFMSW (Cluster 3). FAs and
some PSs (30:1, 341, 36:1) were more abundant in pupae
reared on modified s-OFMSW and larvae reared on s-
OFMSW (Cluster 4).

Pathway enrichment analysis of lipids revealed that
glycerol phospholipid metabolism was the most en-
riched metabolic process in larvae and pupae fed with
both diets (Table S8 in the Supplementary materi-
als), while glycosylphosphatidylinositol (GPI) anchor
biosynthesis and autophagy were processes enriched
only in DAMs upregulated upon s-OFMSW. The me-
tabolism of glycerophospholipids was enriched in both
the larval and pupal developmental stages, regard-
less of the diet used. The metabolism of sphingolipids
was enriched only in larvae, while GPI synthesis and
autophagy were gene ontology (GO) terms enriched
only considering the lipids accumulated in pupae. GPI-
anchor biosynthesis, glycerophospholipid metabolism,
and autophagy were the enriched processes in interac-
tion-dependent DAMs.

Overview of proteomic profiles

To elucidate the molecular mechanisms driving the
distinct responses of H. illucens larvae and pupae to
s-OFMSW and modified s-OFMSW, quantitative pro-
teomic analysis was conducted. This resulted in the
identification and quantification of 1198 proteins (de-
tailed in Table S9 in the Supplementary materials).
Principal component analysis demonstrated high repro-
ducibility among biological replicates (Figure S3 in the
Supplementary materials). The PCA plot also revealed
a clear separation of pupae and larvae samples along
PCl, which explained 58.4% of the total variance, indi-
cating a strong influence of developmental stage on the
proteome. Furthermore, samples from insects reared on
s-OFMSW and modified s-OFMSW separated along PC2,
accounting for 14.9% of the variance, suggesting a less
pronounced effect of diet compared to developmental
stage, especially in larvae. The two-way ANOVA analysis
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FIGURE 2 (A, B) Bar graph illustrating changes in lipid subclasses across (A) the two diets (s-OFMSW and modified s-OFMSW) and (B) the

two insect developmental stages (larvae and pupae). (C) Heatmap and hierarchical clustering of the most discriminative lipid
species among conditions. The relative abundance levels are depicted on the green-black-red scale. The four main clusters are
shown. 1, BSF larvae reared on the s-OFMSW; 2, BSF pupae reared on the s-OFMSW; 3, BSF larvae reared on the modified
s-OFMSW; 4, BSF pupae reared on the modified s-OFMSW. Abbreviations: AAHFA, acyl alpha-hydroxyl fatty acid; CAR,
acylcarnitine, Cer, ceramide; DG, diacylglycerol; FA, fatty acid; FAHFA, fatty acyl esters of hydroxy fatty acid; LPC,
lysophophatidylcholine, LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol; LPS, lysophosphatidylserine; MG,
monoacylglycerol; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PE-Cer, ceramide phosphoethanolamine; PI,
phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; TG, triacylglycerol.

tary materials). Notably, 102 diet-dependent DAPs were
more abundant in insects fed on modified s-OFMSW,

identified significant differences in protein abundance
based on diet, developmental stage, and their interac-

tion (FDR < 0.01). This analysis revealed that 83.6%
of the identified proteins (1002 DAPs; Table S10 in the
Supplementary materials) were differentially abundant.
The single factors, diet and developmental stage, signif-
icantly influenced the abundance of 187 and 433 DAPs,
respectively (Tables S11 and S12 in the Supplemen-
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irrespective of the developmental stage. Conversely, 147
and 286 proteins were more abundant in larvae and
pupae, respectively. Finally, the interaction between
diet and developmental stage significantly impacted the
abundance of 501 proteins (Table S13 in the Supplemen-
tary materials).
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Cluster analysis of interaction-related DAPs identi-
fied 7 clusters, with 4 being the most prominent (Fig-
ure 3; Table S14 in the Supplementary materials), each
characterised by a distinct protein profile. Specifically,
clusters 1 and 2 contained proteins that were less and
more abundant, respectively, in pupae reared on the s-
OFMSW compared to other conditions. Clusters 4 and
5 comprised DAPs that were abundant only in larvae
fed with the s-OFMSW and modified s-OFMSW, respec-
tively.

Pathway enrichment analyses of DAPs

Enrichment analyses were performed to elucidate the
biological function of DAPs. Since the H. illucens pro-
teome has limited annotation and many proteins are
uncharacterised, we used BLAST to search the D. mela-
nogaster protein database for similar sequences. The
results revealed specific biological processes enriched
within both diet- and developmental stage-dependent
DAPs. Proteins more abundant in insects fed on mod-
ified s-OFMSW were primarily associated with mem-
brane assembly, acetyl-CoA synthesis, and the posi-
tive regulation of mRNA splicing (Figure 4A). Con-
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FIGURE 3  Heatmap and hierarchical clustering of differentially

abundant proteins. The relative abundance levels are
depicted on the green-black-red scale. The seven main
clusters are shown. SL, BSF larvae reared on the
s-OFMSW; SP, BSF pupae reared on the s-OFMSW;
mSL, BSF larvae reared on the modified s-OFMSW;
mSP, BSF pupae reared on the modified s-OFMSW.

versely, the most enriched processes among DAPs in
larvae and pupae fed with s-OFMSW included fruc-
tose 1,6-bisphosphate metabolism, muscle contraction,
and fatty acid oxidation (Figure 4B). The analysis also
highlighted distinct biological processes enriched based
on the insect’s developmental stage, irrespective of the
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GO enrichment analysis of differentially abundant proteins accumulated in (A) BSF larvae and pupae reared on s-OFMSW; (B)

BSF larvae and pupae reared on OFMSW; (C) larvae reared on both diets; (D) pupae reared on both diets.

diet. Specifically, muscle development and contrac-
tion, along with cuticle development, were enriched
in larvae, while cytoplasmic translation, organic acid
metabolic processes, nucleosome assembly, and pep-
tide/amide synthesis were enriched in pupae (Fig-
ure 4C-D).

Among DAPs affected by an interaction of both fac-
tors, proteins of the selected cluster 1 were mainly
involved in amino acid catabolic processes and fatty
acid oxidation (Figure 5A). In proteins of cluster 2,
the most enriched biological processes were glycol-
ipid catabolic and proteasomal ubiquitin-independent
protein catabolic processes (Figure 5B). f-alanine me-
tabolism and fatty acid degradation were the most
enriched GO terms among DAPs of cluster 4, while
proteins in cluster 5 were mainly involved in hormone
biosynthesis (Figure 5C-D).

A comprehensive functional annotation of the DAPs
was conducted to pinpoint proteins involved in lipid
metabolism and transport (Table S15-S17 in the Sup-
plementary materials). This analysis revealed 32 lipid-
related DAPs that were diet-dependent and 77 that were
development-dependent. Specifically, 18 lipid-related
DAPs showed increased abundance with the modi-
fied s-OFMSW, while 14 were more abundant with the
s-OFMSW. Among the development-dependent lipid-
related DAPs, a significant majority (68 DAPs, 89%)
were more abundant in pupae compared to larvae (9
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DAPs, 11%). Furthermore, the interaction between diet
and developmental stage influenced the abundance of
89 lipid-related proteins, with the majority (45) belong-
ing to cluster 1 (Figure S4 in the Supplementary materi-
als).

Correlation analysis between lipidomics and
proteomics

Correlation analysis was conducted to evaluate the
strength and direction of relationships between differ-
ent omics datasets and to understand the interconnect-
edness of biological organisation levels. A diagnostics
plot illustrated the overall distribution of computed
between-omics correlation values (Figure S5 in the Sup-
plementary materials). The substantial number of val-
ues exceeding the set threshold (542 and 698) indicated
statistically significant relationships between DAMs and
DAPs. Specifically, 542 pairs of omics features showed a
moderate to strong positive linear correlation, while 698
pairs exhibited a moderate to strong negative linear cor-
relation.

4 Discussion

In this work we investigated the effect of two experi-
mental substrates mimicking the OFMSW and having
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different chemical composition and nutrient content on
the main components of BSF larvae and pupae.

From a quantitative point of view, the lipidomic anal-
ysis revealed the greatest amount of lipids in larvae
reared on s-OFMSW diet, in agreement with the high-
est level present in the diet. Larvae reared on surrogate
substrates exhibited a higher protein content compared
to BSF reared on r-OFMSW (Bruno et al., 2025b), while
pupae showed a lower content (Table 1). Interestingly,
a reverse trend was observed for lipids (in particular,
a very low amount is observed for pupae reared on r-
OFMSW).

Notably, until now few works reported the carbohy-
drate content, in addition to protein and lipid level,
in BSF reared on different food wastes (see Table 3 of
Hopkins et al., 2021) and the reported values show a sig-
nificant degree of variability. Most consistent data were
related to the profiles of larvae, with our data showing
higher levels in essential amino acids (Table 3). The total
percentage of essential amino acids is approx. 44% vs.
38% reported in Mshayisa et al. (2022). This enrichment
is particularly relevant from a nutritional and industrial
perspective, as essential amino acids determine pro-
tein quality and strongly influence the suitability of BSF
biomass for feed and food applications. Higher levels
of limiting amino acids such as lysine and methion-
ine may reduce the need for dietary supplementation

in animal feed formulations, thereby increasing the eco-
nomic and functional value of BSF-derived proteins. The
secondary structure content of the protein fractions iso-
lated from BSF reared on s-diets compares well with
those obtained with the -OFMSW (Bruno et al., 2025a).
Indeed, a lower residual carbohydrate content is appar-
ent in protein fractions isolated from insects reared on
modified s-OFMSW (Table 2).

As H. illucens undergoes profound physiological
transformations throughout its life cycle, its metabolic
profile dynamically responds to both developmental
cues and dietary factors. To capture a comprehensive
picture of these coordinated metabolic changes and
their regulatory networks, we performed a multi-omics
strategy, involving lipidomic and proteomic investiga-
tions. Overall, PCA analysis revealed that the develop-
mental stage had a stronger effect on the lipid and pro-
tein compositions of H. illucens compared to the diet.
The statistically significant correlations between DAMs
and DAPs, highlighted by between-omics correlation
analysis, suggested the presence of shared regulatory
pathways (Figure S5 in the Supplementary materials).

The pathway enrichment analysis of DAMs revealed
that glycerophospholipid metabolism was the most
enriched process among all conditions considered.
Although this process is not among the most enriched
considering DAPs, the functional analysis identified
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some proteins involved in processes related to glyc-
erolipid metabolism, such as the aldo-keto reductase
1B (M9PF61) and the aldehyde dehydrogenase domain-
containing protein (A9UNE9), accumulated in larvae
and pupae fed with modified s- and s-OFMSW diet,
respectively. Moreover, in pupae, regardless of the diet,
several DAPs were involved in glycerolipid metabolism
(A1Z784, A9UNE9, M9PF61, P20007, Q4V403, Q7K569,
QI9VHX4, QIVN86, QIVGE7, QIYI25). Notably, a B-
galactosidase (Q9VGE7) and a saposin-related protein
(Q9Y125) were specifically linked to glycosphingolipid
biosynthesis. This evidence may be related to meta-
morphosis, during which the insect experiences exten-
sive tissue and organ remodelling: larval structures are
largely removed through programmed cell death pro-
cesses, while adult tissues differentiate from groups of
undifferentiated cells. This process allows reshaping the
body plan, leading to the development of adult-specific
organs and functions (Tettamanti and Casartelli, 2019).

The predominance of triglycerides in larvae under-
scores the substantial energy reserves needed for the
transition to the pupal stage. Indeed, TGs serve as the
primary energy storage, fueling a large proportion of the
energy-intensive transformation from larva to pupa, and
subsequently to adult stage, through fatty acid oxida-
tion. Some studies suggest that up to 95% of the energy
for metamorphosis derives from this source (Wronska
et al., 2023). Moreover, muscle development and con-
traction were the most enriched processes revealed by
proteomics, aligning with the larvae’s need for move-
ment, feeding, and growth. Cuticle development was
also enriched, reflecting increasing in size and molt-
ing during the larval stage. Among DAPs involved
in lipid metabolism and transport, the accumulation
of the vitellogenin-like lipoprotein (Q9VF24) was evi-
dent. Vitellogenins are yolk precursor proteins, heavily
loaded with lipids, including TGs, that are synthesised
in the fat body (the insect’s primary metabolic organ)
and secreted into the haemolymph (Sappington and
Raikhel, 1998).

The lipid profile shifted significantly in the pupae.
The increase in FAHFAs and DGs at this developmen-
tal stage, along with the exclusive presence of MGs and
CARs, suggests a dynamic lipid metabolism focused on
energy mobilisation (CARs for fatty acid transport into
mitochondria for oxidation, MGs as lipolysis products),
membrane remodelling (PSs, PEs, LPEs are key mem-
brane components), and potentially signalling (DGs,
LPEs). The enriched processes in pupae — cytoplasmic
translation, organic acid metabolic processes, nucleo-
some assembly, and peptide/amide synthesis — pointed
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towards the intense cellular reorganisation and syn-
thesis of new body structures — required for meta-
morphosis. In fact, the cytoplasmic translation and the
peptide/amide synthesis reflect the high demand for
protein production. Nucleosome assembly is crucial
for DNA replication and organisation during cell divi-
sion and differentiation (Zhang et al., 2020). Further-
more, the accumulation of proteins involved in organic
acid metabolism likely supports energy production and
biosynthesis.

Our results suggest that the two diets influenced H.
illucens lipid and protein profiles in a distinct and coor-
dinated manner. The s-OFMSW diet (richer in lipids)
promoted the accumulation of energy-rich lipids (TGs,
DGs, FAs, FAHFAs) and was associated with metabolic
pathways like glycolysis and fatty acids turnover, as well
as energy utilisation (muscle contraction). FAs (both
derived from TGs and DGs) are the direct substrates for
acyl-coenzyme A oxidase (B5RIN5), medium-chain spe-
cific acyl-CoA dehydrogenase (G3KKP7), and medium-
chain acyl-CoA ligase ACSF2 (Q9VMR®6), all proteins up-
regulated in BFS reared on s-OFMSW diet (Table S9). In
particular, the acyl-CoA ligase ACSF2 activates FAs into
acyl-CoAs, which are then metabolised by acyl-CoA oxi-
dase (in peroxisomes for long-chain FAs) and medium-
chain specific acyl-CoA dehydrogenase (in mitochon-
dria for medium-chain FAs) through B-oxidation. Stor-
age lipids like TGs and DGs, are broken down by lipases
to release FAs, which then interact with these proteins.
In addition to TGs and DGs, FAHFAs could also be
metabolised to release FAs.

On the other hand, the modified s-OFMSW diet
led to a higher accumulation of structural lipids (SMs,
LPCs) and of energy storage compounds (TGs), which
was linked to protein processes involved in membrane
building, central metabolism (acetyl-CoA synthesis),
and gene expression regulation. Some proteins accumu-
lated in BSF reared on modified s-OFMSW diet could
explain the huge TG accumulation observed with this
diet. Among them, 3-spectrin (M9PF16) levels showed a
positive correlation with TG levels. Interestingly, some
research in D. melanogaster suggests that spectrins
might be involved in lipid uptake and lipid droplet
organisation, potentially coupling lipid uptake at the
plasma membrane to lipid droplet growth (Diaconeasa
et al., 2013). The lipid droplet subset dehydrogenase
1 (Q9W3K9) is directly associated with lipid droplet
production, and plays a role in the metabolism of
lipids stored within the droplet, potentially influenc-
ing their synthesis, breakdown, or modification (Liang
and Liu, 2025). Moreover, the fatty acid binding protein
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(QI9VGM2) accumulated in insects grown on modified
s-OFMSW diet, facilitates the intracellular transport of
fatty acids released from triglyceride breakdown (lipoly-
sis) to mitochondria for B-oxidation or to other cellular
compartments for various uses.

Finally, cluster analysis grouped proteins regulated by
an interaction of diet and development based on their
abundance patterns. Proteins of cluster 1, less abun-
dant in pupae reared on the s-OFMSW diet compared to
other conditions, were enriched in fatty acid oxidation
pointing out that this process was less active in pupae
reared on the s-OFMSW. The s-OFMSW diet induced a
metabolic shift in the pupae, prioritising other energy-
generating pathways over fatty acid oxidation. At the
same time, the energy demand of pupae reared on s-
OFMSW might be lower compared to other conditions,
leading to a reduced need for both fatty acid oxidation
and extensive triglyceride storage. Typically, reduced
fatty acid oxidation would lead to a minor breakdown
of fatty acid, increasing their levels in line with our
lipidomic investigation highlighting a bigger amount of
FAs (Table S4 in the Supplementary materials). The pro-
teomic analysis identified significant differences in pro-
tein abundance based on diet, developmental stage, and
their interaction (83.6% of the identified proteins were
differentially abundant; Table S10 in the Supplementary
materials). Such extensive proteomic variation, corrob-
orated by PCA, underscores the profound physiological
reorganisation inherent in metamorphosis, specifically
the transition from larval nutrient sequestration to the
structural remodelling and resource-saving mechanisms
essential for pupal development (Pliantiangtam et al.,
2021).

Overall, these findings contribute to a deeper under-
standing of the metabolic plasticity of H. illucens and
provide a solid basis for tailoring rearing strategies
aimed at optimising the biochemical composition of
insect biomass for specific biotechnological applica-
tions.

Supplementary materials
Data is available on https://doi.org/10.1163/23524588
-bjal0443 under Supplementary Materials.
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