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Abstract

Background The relationship between microbiomes and their hosts has been the subject of intensive study in
recent years. For black soldier fly larvae (BSFL) (Hermetia illucens L., Diptera: Stratiomyidae), correlations between shifts
in its microbial gut community composition and its health and performance suggest that the BSFL gut microbiome
encodes important functions that complement the insect’s own immune system and metabolism. To date, most

BSFL microbiome studies have been based on 16S rRNA sequencing data. Because this approach derives a lot of
information from very short sequencing reads, it was hypothesized that more insight into bacterial functionality could
be generated using more extensive sequencing technologies. Here, whole genome shotgun (WGS) metagenomic
sequencing was employed to investigate which microbiome-associated taxa and functions were associated with
increased performance of larvae reared on a chicken feed (CF) or artificial supermarket food waste (SFW) based diet.

Results Taxonomic and functional profiling of the BSFL gut microbiome revealed a significant shift in response

to diet, where bacterial genes encoding specific metabolic functions, such as the metabolism of sorbitol, were
significantly enriched in the microbiome of larvae reared on SFW-diet. This indicates that the nutritional composition
of the substrate alters the gut bacterial composition by providing competitive benefits or new niches for specific
bacteria that can utilise these compounds. Moreover, specific microbial functions, such as cobalamin synthesis,
appear to be correlated with larval performance. Aside from metabolic functions, biosynthetic gene cluster analysis
revealed potential antimicrobial competition and protective functions among bacterial species. Improved taxonomic
resolution provided by WGS led to the identification of several metagenome assembled genomes (MAGs), including a
potentially novel BSFL-associated Scrofimicrobium species. Furthermore, there were differences in larval performance
between rearing diets, and larval growth was correlated with high abundance of several MAGs.

Conclusions Variation in the nutritional and bacterial load of a diet can result in functional shifts in the gut
microbiome of the larvae. Analysis of the BSFL metagenome identified several bacteria that are positively correlated
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with larval performance, which could potentially provide beneficial metabolic functions for the host that should be

further explored.

Keywords Hermetia illucens, Microbiome-derived functions, Metagenomics, Insect gut, Microbiota, Food waste

Background

The relationship between microbiomes (i.e. the com-
munity of microorganisms and their genomes inhabit-
ing a particular environment) and their hosts has been
the subject of intensive study in recent years. Metage-
nomic analyses of human [1], animal [2, 3] and plant [4]
microbiomes have identified various microbial genes that
can fulfil diverse functions for their host. For example,
metagenomic profiling of the gut microbiome of wood-
feeding beetles has led to the identification of several
microbial genes associated with metabolic functions,
such as the production of lignin- and cellulose-degrading
enzymes, and of detoxification enzymes [3]. Further-
more, it has been shown in many organisms, including
humans, that factors such as diet significantly impact
the gut microbiome, leading to beneficial or detrimental
effects on an individual’s health and/or performance [5].

Understanding functional shifts in the microbial gut
community, and their impact on the host, can provide
valuable information that can be exploited to boost
either health or performance (e.g. through detoxifica-
tion of harmful dietary compounds or the degradation
of long-chain polymers into usable metabolites) depend-
ing on the organism being studied. Accordingly, the cur-
rent study aims to generate new insights on the functions
of the gut microbiota for black soldier fly larvae (BSFL)
(Hermetia illucens L., Diptera: Stratiomyidae), a com-
mercially produced farm insect, and the impact of these
microbial functions on the larvae’s performance. Due
to its excellent nutritional profile [6], this insect species
has obtained considerable attention over the last years as
an attractive nutritional supplement to chicken- and pig
feed [7], petfood [8] and feed used in the aquatic indus-
try [9]. It also received interest for its capacity to convert
a wide range of waste streams into valuable insect body
mass [10, 11]. Broeckx et al. [11] demonstrated that lar-
vae had a similar larval performance in terms of larval
growth when reared on various grain-based (grain mid-
dling, beer draff) diets, fruit- and vegetable- (fruit puree,
vegetable overproduction) diets and household food
waste as larvae reared on a Gainesville- or chicken feed-
control diet. Moreover, larvae reared on industrial food
waste and chicken manure even outperformed larvae
reared on regularly used diets [11].

Numerous studies suggest that the gut microbiome
plays an important role in enabling BSFL to adapt to
diverse nutritional environments. The microbiota sup-
ports the larvae’s ability to survive and thrive on various
organic waste streams [11], in part by encoding a range

of functions [12—14], that are thought to complement the
insect’s immune system and metabolism [15]. An indi-
cation for this is that the gut microbiome community
composition of BSFL is largely influenced by the rearing
diet, although a “core” set of microorganisms persists
across different feeding conditions [16-19]. However,
limited taxonomic resolution, inconsistent definitions of
the core microbiome, and a lack of functional data con-
tinue to raise questions about the true presence and role
of this core community. The varying nutritional availabil-
ity in the diets enables certain microbial species to flour-
ish within the BSFL gut microbiome [20]. This microbial
community flexibility could potentially lead to increased
expression of certain microbial genes that provide met-
abolic functions which benefit the host, boosting the
ability of the larvae to metabolise specific diets such as
industrial food waste or chicken manure [11]. Therefore,
identification of microbial functions present in larvae
reared on different diets can provide valuable insights
into the role of the gut microbiome on larval growth and
bioconversion efficiency.

Although studies on the BSFL Gut microbiome are
numerous, the identification of the BSFL Gut micro-
biome and its dynamics has so far mostly been studied
through bacterial 16S ribosomal RNA (rRNA) gene
amplicon sequencing from either dissected guts or
whole larvae [19, 21]. While 16S rRNA gene amplicon
sequencing offers a rapid and cost-effective means to
profile entire bacterial communities, its significant Limi-
tations hinder a deeper understanding of BSFL microbi-
ome functionality. A key Limitation of 16S rRNA gene
sequencing is that it targets only a small, specific region
of the bacterial genome, offering no direct insight into
the community’s functional potential (unless inferred
from taxonomic data) and entirely excluding other
microbial kingdoms, such as fungi and viruses, which
may also influence the host [22]. Additionally, taxonomic
identification becomes less accurate at the species level
[23], which can potentially lead to incorrect conclusions
about bacterial presence and functionality. Alterna-
tively, methods such as whole genome shotgun (WGS)
sequencing can cover broad regions of both prokaryotic-
and eukaryotic genomes, providing adequate information
to predict genes and identify protein-coding regions [23],
which makes this technique more suitable for identify-
ing bacterial- and fungal functions. Although WGS has
recently been applied in BSF research to explore specific
microbial functions, such as plastic degradation [14],
its broader use to comprehensively map the functional
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landscape of the BSFL gut microbiome remains largely
unexplored. Leveraging WGS in this way could uncover
a wide array of metabolic pathways and microbial capa-
bilities that may underpin the larvae’s adaptability to
diverse substrates, opening new avenues for targeted and
in-depth experimental research. Therefore, the aim of
the current study was to use WGS to investigate which
microbial functions and microbiome-associated taxa
change with a change in diet and hypothesize how these
functions may affect larval performance. To achieve this,
growth trials were conducted with larvae reared on two
nutritionally distinct diets, chicken starter mash and an
artificial supermarket food waste stream, followed by an
in-depth metagenomic- and functional analysis of their
gut microbiomes.

Materials and methods

Diet preparation

Two separate diets were prepared for this study. The first
diet consisted of an artificial supermarket food waste
(SFW) produced as described by Van Looveren et al. [24],
by mixing various food items (bread (22.0 wt%), lettuce
(13.0 wt%), apple (12.0 wt%), zucchini (12.0 wt%), cucum-
ber (12.0 wt%), tomato (12.0 wt%), potato (9.0 wt%), kid-
ney beans (6.0 wt%), cheese (1.5 wt%) and yoghurt (0.5
wt%)). The diet approaches the composition of supermar-
ket food waste, which is a considerable source of global
food waste that can be utilised as a nutritious rearing diet
for BSFL production [24]. The SFW diet was prepared
separately for each trial from fresh ingredients. The sec-
ond diet consisted of a chicken feed (CF, Chicken Start
Mash 259, AVEVE, Belgium) diet which is commonly
used as a rearing diet for BSFL. All replicates of the CF
diet originated from the same feed stock. The SEW dry
matter (DM) concentration of the SFW diet was 24.4%
and the DM of the CF diet at water binding capacity was
38.1%.

Chemical analysis of diets

For both diets, the sugar and amino acid composition
were determined. The SEW diet was freeze-dried for
48 h at -55 °C and 200 mbar (Biichi, Lyovapor L-200)
until a DM concentration of at least 90% was obtained.
Since CF already met the desired DM concentration,
no additional freeze-drying step was required for this
diet. The DM concentration of the freeze-dried SEW
diet and the CF diet was measured gravimetrically, by
weighing 3-5 g of sample material before and after it
was dried at 105 °C for 17 h in a forced-air oven (Prac-
tum 224-1s, Sartorius). The SFW and CF samples
were defatted by adding technical grade petroleum
ether (VWR Internation BVBA, Belgium), shaking
vigorously, centrifuging for 5 min at 1,000 x g and
decantation of the dissolved fat. This procedure was
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repeated until a clear solution indicated that the sam-
ples were defatted. The final DM concentration of the
defatted samples was determined gravimetrically and
these samples (n =3 for both substrates) were used in
the amino acid- and sugar- analyses.

The amino acid content was determined using ultra-
performance liquid chromatography — mass spec-
trometry (UPLC-MS) after acidic (HCl) and basic
(LiOH) hydrolysis and derivatisation with 6-amino-
quinolyl-N-hydroxysuccinimidyl carbamate (AQC)
as described in [25], with a small adaptation to the
described UPLC elusion: the mobile phase consisted
of ultrapure water + 0.1% formic acid (A) and aceto-
nitrile + 0.1% formic acid (B) and the following gradi-
ent was used: 1% Bat 0-2 min, 1-13% Bat 2—4 min,
13-35% Bat 4—8 min, 35-95% Bat 8—9 min, 95% Bfrom
9-9.5 min, 95-1% Bat 9.5-9.6 min, 1% Buntil 12 min.
To determine the sugar concentration, 50.0 mg of each
sample was extracted twice in 600 puL 80% ethanol.
After centrifugation (10 min at 15 000 g), the super-
natant was diluted to 10% ethanol and passed over an
anion exchange column (150 uL Dowex 1 x 8, Ac™) and
a cation exchange column (150 pL Dowex 50Wx8, H")
before being analysed by HPAEC-IPAD (ICS-5000,
Thermo Fisher Scientific; PA-100 and MA-1 columns,
with pre-column). Quantification of the carbohydrates
was performed using arabinose, fructose, galactose,
glucose, maltose, maltotriose, mannose, raffinose,
rhamnose, ribose, ribulose, sorbitol, sorbose, stachy-
ose, sucrose and tagatose as reference compounds.

Rearing experiment BSFL

Hermetia illucens larvae were collected from a stock col-
ony maintained by the Sustainable Biomass and Chem-
istry group of the Thomas More University of Applied
Sciences (Geel, Belgium). After a nursing period on CF
(for details, see [26]) eight days old larvae were used to
initiate the experiment. Two separate trials of the rearing
experiment were done under the same experimental con-
ditions. In each trial, the larvae were reared on a freshly
prepared batch of the SEW diet, or were continued rear-
ing on the CF diet from the nursery phase. At the begin-
ning of each rearing trial, six groups of 500 eight days old
larvae (three replicates for both the CF and SFW diet)
were manually counted and their total start weight mea-
sured. Three of these groups were then placed in plastic
containers with the SEW diet, while the remaining three
other groups were placed in plastic containers with the
CF diet). To each container 100 g DM of diet was added.
Substrates were covered with aluminium foil to prevent
moisture evaporation during the experiment. Container
replicates were kept in a climatic chamber at 27 °C and
60% RH for eight days.
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Sample preparation and DNA sequencing

Following incubation, the larvae were separated from
their substrates, rinsed with running tap water, washed
with 70% ethanol and air-dried on paper towels. Next,
five groups of ten randomly selected larvae from each
replicate container were weighed to determine the
final larval mass. Cleaned larvae were sedated on ice
for several minutes until the insect reached a comatose
state and moved to a sterilised laminar flow cabinet,
where the larvae were slaughtered through decapita-
tion and their complete gut system was extracted using
sterilised scissors and tweezers in sterile PBS-buffer
[20]. Five larval guts from each replicate container
were pooled per diet and stored at —20 °C until DNA
extraction, yielding three independent samples per
condition. For this, the pooled larval gut samples were
mechanically crushed using a sterilised metal rod after
which the E.Z.N.A. ° Soil DNA Kit (Omega Bio-Tek,
Norcross, GA, USA) was used, following the manu-
facturer’s instructions. The quality and quantity of the
DNA samples was checked using a Nanodrop device
(ND-1000, Isogen Life Science, Utrecht, the Nether-
lands) and the samples were sent to Novogene Bioin-
formatics Technology Co., Ltd. for WGS sequencing.
DNA Quantitation, integrity and purity was evaluated
with the Agilent 5400 Fragment Analyzer System (Agi-
lent Technologies, Santa Clara, CA, United States).
Genomic DNA was randomly Sheered into short frag-
ments, end repaired, A-tailed and ligated with Illu-
mina adapters before PCR amplification, size selection
and purification. Quantified Libraries were pooled and
sequenced on the Illumina Novoseq 6000 platform
using 150 bp paired-end sequencing, yielding 67.2 G
(raw reads x sequence length) of raw data.

Metagenome quality filtering and annotation

Adapters, PhiX control signals and reads map-
ping to the host genome (NCBI RefSeq assembly:
GCF_905115235.1) were removed using inhouse
scripts. The remaining metagenomic sequences of all
samples were pooled together for a co-assembly using
Megahit [27] following the SqueezeMeta workflow
[28]. Short contigs (<200 bps) were removed using
prinseq [29], which was also used to perform contig
statistics. Open reading frames (ORFs) were predicted
using Prodigal [30]. The original reads were mapped
to the contigs resulting from the assembly to estimate
the abundance of the genes and contigs in each sample
[28] using Bowtie2 [31]. ORFs that did not have reads
in all three biological replicates of each diet were dis-
carded. Additionally, ORFs that had a total number of
reads over all samples of less than 20 were removed,
resulting in 194 417 ORFs.
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Taxonomic analysis of 16S rRNA gene sequences extracted
from the metagenome

RNAs were predicted using Barrnap and additionally
tRNA/tmRNA sequences were predicted using Aragorn
[32]. A subset of 151 ORFs annotated as 16S rRNA gene
sequences were taxonomically classified with a BLAST
search using the rRNA/ITS databases in GenBank against
exemplar species or ‘type materials’ [33]. Identification
was based on the highest max score, the lowest E-value
and a similarity percentage of over 97%. When these
criteria were not met at species level, the top 100 hits
received for that sequence were evaluated and the (higher
level) taxonomic annotation shared among them was
selected. ORFs that could not be identified by the NCBI
BLAST search on any taxonomic level were removed
from the analysis.

Downstream analysis of the extracted 16S rRNA gene
sequences and ORFs sequences was performed using
the DESeq2 package [34] in R version 4.3.0 [35]. Filtered
reads were normalised through an estimation of size fac-
tors, estimation of dispersion and fitting of a negative
binomial generalised linear model (GLM) [34] using the
DESeq and counts functions. To compare the taxonomic
classification of the bacteria in the metagenomes of the
16S rRNA gene sequences and the classification anno-
tated by the ORFs sequences, Krona graphs based on the
normalised bacterial reads were produced using Krona-
Tools. Relative abundance reads were normalised across
all trials and used in a permutational analysis of variance
(PERMANOVA) of the beta diversity estimates based
on Bray-Curtis distances, and visualised through a Prin-
cipal Coordinates Analysis (PCoA) using the vegan and
Pphyloseq [36] packages. For the next analysis the two tri-
als were analysed separately. Reads were normalised per
trial, aggregated on the family-level and the DESeq func-
tion was used to calculate log2fold changes between the
SFW-diet-reared larval metagenome (SEW-LM) and the
CF-diet-reared larval metagenome (CF-LM). Significant
differences were determined using a Wald test, where
families were considered significantly different if the Ben-
jamini and Hochberg [37] adjusted p-values were lower
than 0.05 and the log2fold changes were larger than 1.
The results of this analysis were visualised for both trials
in a dot plot using the ggplot2 package in R.

Taxonomic and functional analysis of the metagenome

In order to provide taxonomic and functional annotation
for each OREF, the ORF sequences were compared against
several taxonomic and functional databases [28] using
Diamond [38]. Specifically, taxonomic annotation was
assigned through similarity search against the GenBank
nr database [39], whereas sequences were compared to
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database [40] for functional KEGG-ID annotation.
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Pathway prediction for KEGG was done using MinPath
[41]. ORFs sequences that did not provide a match with
these databases and therefore yielded no functional or
taxonomical annotation were removed from this analysis.
The remaining ORFs were used to compare the differ-
ences in taxonomical and functional composition of the
larval metagenomes per diet. Each analysis and normali-
sation of the reads was done separately per trial. First, the
unique combinations of each taxonomic- and functional
(KEGG)- annotation were used to create new groups.
Then, the ORF reads were aggregated for each of these
unique group, log2fold changes were calculated between
the normalised reads per diet and significant differences
were determined using a Wald test from the DESeq func-
tion. Taxonomic- and functional- groups were consid-
ered significantly different if the Benjamini and Hochberg
adjusted p-values were lower than le-5 and the log2fold
changes were larger than 1. The results of the tests for all
samples were combined per trial and visualised in Vor-
onoi Treemaps using the Weighted Treemaps package in
R.

To study which functions were potentially more
enriched in the CF- and SFW- reared larval metage-
nomes, an additional analysis was done in which the nor-
malised reads per trial were aggregated per unique KEGG
annotated function, omitting all taxonomic data. The
differences between unique KEGG functions were ana-
lysed as described earlier, i.e. using the DESeq function
to determine log2foldchanges larger than 1 and a Wald
test with adjusted p-values lower than le-5. The results
of these tests were visualised in a volcano plot and the
number of significant metabolic functions per diet type
were visualised in a heatmap, using the ggplot and Com-
plexHeatmap [42] packages, respectively. Additionally, a
DESeq analysis was performed per substrate type to iden-
tify the differences in KEGG enrichment between the two
trials. The KEGG pathways that showed the largest differ-
ences in enriched microbial functions between the two
trials were visualised in a bar graph. Details of important
KEGG pathways were visualised using BioRender.

Genomic reconstruction of the metagenome

Binning (grouping of contigs and assigning them to
genomes) was done using Metabat2 [43] and CON-
COCT [44], and combination of the best binning results
was done using DAS Tool [45]. Bin statistics were com-
puted using CheckM [46]. Bins were considered of good
quality when completeness (presence of marker genes)
was >75% and contamination (fraction of marker genes
duplicated) <10%. Good quality bins or Metagenome
Assembled Genomes (MAGs) were classified using the
classify_wf function from the Genome Database Tax-
onomy toolkit (GTDB-Tk), which determines the clas-
sification of the genome based on its average nucleotide
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identity (ANI) similarities, the alignment fraction (AF)
and the relative evolutionary divergence (RED) of the
genome compared to the GTDB-TK reference tree [47].
Additionally, a phylogenetic tree of the MAGs was con-
structed based on genomic features annotated by Prokka
[48], gene clustering by PIRATE [49] inferred using
RAxML (v8) with the GTRGAMMA substitution model
and 100 rapid bootstrap replicates [50] and visualised
using iTol [51]. The total number of reads were aggre-
gated for each MAG and differences in MAG abundance
between the different trials and substrates were deter-
mined using a Wald test from the DESeq function, where
MAG abundances were considered significantly different
if the Benjamini and Hochberg adjusted p-values were
lower than le-5 and the log2fold changes were larger
than 1. After this comparison, a second generalised lin-
ear model was fitted using the DESeq function to identify
the effects of the individual factors “Trial” and “Sub-
strate” and their interaction effect on the abundance of
the MAGs.

Statistical analysis of the larval final weight

The differences in larval final weight across the different
diets and trials were calculated in JMP Pro 17 [52]. Nor-
mality and homogeneity of variances of the final larval
weight were checked using the Shapiro-Wilk and Lev-
ene’s test for equality of variances, respectively. Since the
homogeneity of variances could not be assumed, the non-
parametric Kruskal-Wallis rank sum test followed by a
Steel-Dwass multiple comparison analysis was used. The
results of the larval weight analysis were visualised using
the ggplot package in R. Furthermore, a linear regres-
sion model was used to predict correlations between the
MAGs normalised reads transformed by log10(x + 1) and
the mean larval weight across all diets and trials.

Identification of bio-synthetic gene clusters

Secondary metabolite gene clusters were identified,
annotated and analysed using antiSMASH [53]. Gene
clusters were compared against antiSMASH-predicted
clusters and gene clusters from the Minimum Informa-
tion about a Biosynthtic Gene cluster (MIBiG) [54] data-
base. The Biosynthetic Gene Similarity Clustering and
Prospecting Engine (BiG-SCAPE) software package was
used to construct similarity networks of Biosynthetic
Gene Clusters (BGCs) and to group these clusters into
Gene Cluster Families (GCFs), using a raw distance cut-
off value of 0.70 [55]. GCFs with two or less BGCs were
removed. Of the remaining GCFs, the reads of the con-
tigs included in each BGC were aggregated per diet. For
each separate trial, reads were normalised and the varia-
tion in the relative abundances of the BGCs between the
diets was analysed using a Wald test. BGCs were con-
sidered significantly more present in the microbiome of
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Table 1 Amino acid concentration of the two substrate types.
The table shows the average concentration of 18 amino acids
(left column) per substrate type. The mean concentration of
each AA in gram per 100 gram dried substrate sample and the
coefficient of variance in percentage is provided, where n=2 for
the chicken feed (CF) substrate and n=3 for the supermarket
feed waste (SFW) substrate
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Table 2 Sugar concentration of the two substrate types. The
table shows the average concentration of 16 sugars (left column)
per substrate type. The mean concentration of each sugarin
gram per 100 gram dried substrate sample and the coefficient
of variance in percentage is provided, Where n =3 for both the
chicken feed (CF) and for the supermarket feed waste (SFW)
substrates. Sugars with N.D. Where not detected in the samples

CF substrate SFW substrate CF substrate SFW substrate
Amino acid Mean cv Mean cv Sugar Mean cv Mean cv
Histidine 1.87 16.90 0.67 3.90 Sorbitol 0.04 14.1 0.17 39
Arginine 4.74 0.50 1.25 5.60 Glucose 0.11 9.1 3.90 11.6
Serine 3.29 2.20 1.74 4.80 Fructose 0.10 10.0 540 9.1
Glycine 3.01 5.60 1.18 7.90 Sucrose 2.86 7.6 N.D. N.D.
Aspartic acid 244 28.80 1.74 7.60 Raffinose 0.69 104 N.D. N.D.
Glutamic acid 5.95 17.90 6.49 4.40 Stachyose 1.15 4.8 N.D. N.D.
Threonine 275 2.00 1.10 5.10 Maltose 0.10 144 216 77
Alanine 2.15 8.00 0.99 5.90 Maltotriose N.D. N.D. 0.39 85
Proline 2.84 12.30 2.53 0.70 Galactose N.D. N.D. 0.02 6.9
Lysine 1.64 47.20 0.90 3.20 Arabinose N.D. N.D. N.D. N.D.
Cystine 0.77 13.60 0.24 10.30 Ribulose N.D. N.D. N.D. N.D.
Tyrosine 2.54 9.30 1.03 7.50 Ribose N.D. N.D. N.D. N.D.
Methionine 1.10 0.80 0.12 36.10 Tagatose N.D. N.D. N.D. N.D.
Valine 244 7.10 1.32 1.60 Thamnose N.D. N.D. N.D. N.D.
Isoleucine 2.13 7.90 1.08 1.70 Mannose N.D. N.D. N.D. N.D.
Leucine 3.87 7.20 2.02 240 Sorbose N.D. N.D. N.D. N.D.
Phenylalanine 433 13.60 1.71 5.60
Tryptophan 115 24.80 067 14.00 to the SFW diet (1.32 g/100 g DM, 2.02 g/100 g DM and

BSFL reared on a specific diet when the adjusted p-val-
ues were lower than 0.05 and the log2fold changes were
larger than 1, and when the results of these test were the
same in both trials. The results of the clustering and the
statistical tests were visualised using Cytoscape [56].

Results

Sugar and amino acid composition of the diets

To investigate the microbial functions related to sugar
and amino acid metabolism identified in the metage-
nome, the specific sugar and amino acid composition of
both the CF and SFW diets was analysed. Since one of
the three CF replicates had amino acid concentrations
twice as high as the other replicates, this sample was
considered an outlier and discarded from the analysis.
Given that the larvae were provided with 100 g of diet on
a dry matter basis, the subsequent sugar and amino acid
concentrations are Likewise expressed per 100 g DM,
thereby representing the quantities effectively supple-
mented. Results show that the CF diet contained higher
levels of most amino acids compared to the SFW diet,
with the exception of glutamic acid and proline, which
had comparable concentrations in both diets (Table 1).
Specifically, valine, leucine and isoleucine were present in
higher quantities (2.44 g/100 g DM, 3.87 g/100 g DM and
2.13 g/100 g DM, respectively) in the CF diet compared

1.08 g/100 g DM, respectively).

Regarding sugar composition, the CF diet consisted
mainly of sucrose (2.86 g/100 g DM) followed by stachy-
ose (1.15 g/100 g DM) and raffinose (0.69 g/100 g DM).
The SFW diet contained mostly fructose (5.40 g/100 g
DM), followed by glucose (3.90 g/100 g DM) and maltose
(2.16 g/100 g DM). Interestingly, the SEW diet contained
more than four times the sorbitol concentration as com-
pared to CF (Table 2).

Effect of the diets on larval weight

The larvae reared on the CF diet reached a significantly
higher final weight compared to the larvae reared on the
SEW diet (p<0.0001 for trial 1, p=0.0011 for trial 2).
Moreover, there was a difference in final larval weight
between the two trials per diet, where larvae from the
second trial reached a significant higher larval weight
compared to larvae from the first trial for both the CF
(p=0.0123) and SFW (p=0.0011) diet (Fig. 1).

Taxonomic diversity of the BSFL gut Microbiome

The taxonomic diversity of the bacterial communities
from BSFL reared on the SEW and CF diets from trial 1
and 2 was assessed using the 16S rRNA gene sequences
extracted from the metagenome data set. A total of
331 601 normalised reads across 129 16S rRNA gene
sequences and 180 217 normalised reads across 120 16S
rRNA gene sequences were identified in trial 1 and trial
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Fig. 1 Box plot representing the larval final weight. Larval final weight (mg) was determined by randomly weighing 5x 10 larvae from each replicate at
the final day of the experiment. The average weight was determined per trial and rearing diet (chicken feed (CW). blue; supermarket food waste (SFW).
red) and the differences between groups were determined using a non-parametric Kruskal-wallis rank sum test followed by a Steel-Dwass multiple com-
parison analysis. Different annotation letters indicate that the larval final weight was significantly (p < 0.05) different between treatments

2, respectively. The bacterial community composition of
the larvae was more similar when the larvae were reared
on the same diet as exemplified by the separation of clus-
ters between the different diet samples on the first axis
in both trials (Fig. 2A). Moreover, the second axis also
showed differences between the two trials within the lar-
val groups reared on the same diet. The PERMANOVA
results revealed that both the difference in diet type
(p=0.016) and the variation between trials (p<0.001)
had a significant effect on the bacterial composition in
the larval gut samples. The SEW-LM consisted largely of
members of the Pseudomonadota and Bacillota phyla in
near equal ratios, whereas the CF-LM was dominated by
members of the Actinomycetota phylum (Fig. 2B). Spe-
cifically, members of the Actinomycetes class, including
Micrococcales, Brevibacteriaceae, Corynebacteriaceae
and Microbacteriaceae as well as several Bacillota mem-
bers such as Bacillaceae and Staphylococcaceae, were sig-
nificantly more present in CF-LM in both trials (Fig. 2C).
In the SFM-LM, taxonomic groups belonging to the
Pseudomonadota phylum such as Alphaproteobacte-
ria, Enterobacterales and Enterobacteriaceae, and mem-
bers of the Bacillota family Lactobacillaceae, were more
enriched in both trials.

Similar as seen in the 16S rRNA gene sequences subset,
taxonomical differences between the BSFL gut microbi-
ome from different diets and trials were observed when
analysing the other ORFs extracted from the metage-
nome. To first evaluate whether the taxonomic iden-
tification of the ORFs sequences was in Line with the
taxonomy based on the 16S rRNA gene sequences,
Krona graphs of the average bacterial composition of the
CF-LM and SFW-LM from trial 1 and 2 were compared
(Supplementary Figure S1). On the higher taxonomic
levels (phyla and class), the taxonomic annotation of the
bacterial composition of the larvae was similar between
the 16S rRNA gene sequences and ORFs sequences. On
the lower taxonomic levels, the ORFs sequences pro-
vided a better taxonomic resolution of the Actinomy-
cetota and Bacillota phyla, whereas the 16S rRNA gene
sequences provided a better resolution of the Pseudo-
monadota phylum. Considering the ORFs that con-
tained both taxonomical and functional information,
the BSFL metagenome of trial 1 (Fig. 3A) consisted of
87 317 792 normalised reads mapping to 53 337 unique
ORFs, of which 12 711 and 15 342 were more enriched
in the SEFW-LM (red) and CF-LM (blue), respectively. In
trial 2, 101 532 919 normalised reads were obtained that
mapped to 47 480 unique ORFs, of which 4 543 and 18
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Fig. 2 Ordination-. bar- and dot plot of 165 rRNA gene sequences. All plots are based on the normalised 165 rRNA gene sequencing reads extracted from
the metagenome. Panel A shows the results of the Principal Component Analysis (PCoA) in an ordination plot. The plot shows the effect of the factors
“Trial" (represented by the shapes) and “Diet” (represented by the colours) on the clustering of the normalised reads from the larval gut samples. where CF
(blue) stands for the chicken feed substrate and SFW (red) for the supermarket food waste diet. Panel B shows the relative abundance of the microbiota
community based on the normalised reads of the larval gut samples averaged (n=3 for all treatments) per trial and per diet. where CF-LM stands for the
larval microbiome reared on CF and SFW-LM for the larval microbiome reared on SFW. Panel C shows a dot plot where each dot represents the presence
of the bacterial taxonomic group shown on the y-axis found in CF-LM and SFW-LM. The size of the plot represents the averaged (n=3 for all treatments)
relative abundance or normalised reads in the sample whereas the colour of the dot indicates whether this taxonomic group was significantly more

enriched in CF-LM (blue) or SFW-LM (red)

293 were more enriched in the SFW-LM and CF-LM,
respectively (Fig. 3B). When comparing the ORFs that
were enriched in either the CF-LM or SFW-LM in
both trials 1 and 2 (Supplementary Figure S2A), a total
of 8 841 and 3 935 ORFs were significantly enriched in
CF-LM and SFW-LM in both trials, respectively. In
both trials, ORFs taxonomically delineated as Actino-
mycetota were predominantly present in the CF-LM
(Fig. 3). Members of the phyla Bacillota and Pseudomo-
nadota were present in the microbiomes of BSFL reared
on both diets, although the abundance and prevalence
of the taxonomic subgroups varied between trials. Most
notably, although the relative abundance of Pseudomo-
nadota was lower in trial 1 (25.3%) compared to trial 2
(31.6%), this phylum was largely dominated by Provi-
dencia (77.4% of the Pseudomonadota reads) in trial 1,
while this genus was practically absent in trial 2, where

Klebsiella was the most dominant (73.9% of the Pseudo-
monadota reads). Additionally, apart from bacteria, over
20% of the BSFL gut microbiome in this study consisted
of fungi from the Ascomycota phylum, which was largely
made up of Pichia spp. in the microbiome of BSFL from
both diet types. Furthermore, only a small proportion
of the microbiome (<2%) consisted of phyla from other
kingdoms (Fig. 3).

Functional diversity of the BSFL gut Microbiome

To gain a better understanding which bacterial func-
tions contribute to BSFL growth in response to the diet,
the occurrence and abundance of each unique KEGG-
annotated function was assessed by DESeq analysis.
There were 311 and 365 KEGG functions significantly
enriched in the SFW-LM and 413 and 548 KEGG func-
tions significantly enriched in the CF-LM, in trial 1 and
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Fig. 3 Taxonomic composition of the black soldier fly metagenome. Circles represent the relative abundances of the filtered and normalised ORFs reads
taxonomically annotated per phylum for trial 1 (panel A) and trial 2 (panel B). The circles are a combination of the samples from both diets (n=6 for both
trials) and are further subdivided in lower taxonomic groups. Each tile represents a unique KEGG-annotated function within that taxonomic group. The
size of the tile represents the average relative abundance of reads assigned to that unique group per genera across all six samples and the colour indicates
whether that group was significantly (p < Te-5. log2foldchange > 1) more enriched in the microbiome of either supermarket food (SFW-LM) - or chicken

feed (CF-LM) fed larvae

2, respectively (Fig. 4A and B). Most of these enriched
KEGG functions were associated with amino acid metab-
olism (n =140 for trial 1, n=153 for trial 2), carbohydrate
metabolism (n=177 for trial 1, n=260 for trial 2) and
energy metabolism (=78 for trial 1, n=90 for trial 2)
(Fig. 4C), indicating that dietary changes strongly influ-
enced these metabolic pathways.

In both rearing diets, larvae from the second trial
reached a higher final weight than larvae from the first
trial. Since the diets used in trials 1 and 2 consisted of
the same ingredients and were prepared in the same way,
their nutritional values were considered comparable,
and the rearing conditions were identical. Therefore, the
remaining variable was the abundance of specific KEGG
functions, which was analysed using DESegq to investigate
potential correlations with larval weight. There were 259
and 452 KEGG functions significantly enriched in the
larvae from the second trial reared on the CF and SFW
diet, respectively. Figure 5A shows a selection of meta-
bolic pathways were, on either substrate, three or more
KEGG functions were enriched in the second trial com-
pared to the first trial. Most noticeably, larvae reared
on SFW in trial 2 contained a large (n=17) number of
enriched KEGG functions compared to larvae reared on
SFW in trial 1 (n=5), which were involved in the por-
phyrin and chlorophyll metabolism pathway. Specifically,
n=11 of these KEGG functions were involved in cobala-
min biosynthesis (Fig. 5B). Other metabolic pathways
that showed a significant difference in enriched KEGG
function between the SFW- and CF fed larvae involved

sorbitol- and riboflavin metabolism (Supplementary Fig-
ures S3 and S4, respectively).

Metagenome assembled genomes (MAGs)

Binning of the BSFL metagenomic reads yielded a total
of 94 bins, of which 26 met the criteria of good quality
bins and were classified as MAGs. However, one of these
MAGs had less than 20 reads across all samples and was
therefore removed during the filtering step. The length,
completeness and contamination percentages of the
remaining 25 MAGs and their delineated taxonomy is
shown in Table 3A and their phylogeny is visualised in
Fig. 6. Three MAGs could not be reliable classified based
on ANI similarities and the AF and were annotated on
the genus level only. The abundances of the MAGs were
influenced by the factors diet, trial or an interaction
effect (Table 3B) and consequently there were signifi-
cant differences between the four different experimen-
tal groups (Supplementary Figure S5). For five MAGs,
the number of reads was only significantly (p<1le-5)
influenced by diet, while there was no significant effect
of differences between trials or the interaction between
trial and diet (Table 3B). Eight other MAGs were sig-
nificantly influenced by the differences between trials, of
which three MAGs were solely influenced by this inter-
trial effect. The influences of these factors were clearly
visible when the abundances of the MAGs were plotted
against the mean larval weight in a regression analysis
(Supplementary Figure S6). For twelve MAGs, a signifi-
cant (p<0.05) positive (n=4) or negative (n=8) correla-
tion between MAG abundance and mean larval weight
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Fig.4 Occurrence and significance of KEGG functions from the black soldier fly metagenome. In panel A (results of trial 1) and panel B (results of trial 2).
each unique metabolic KEGG function is represented as a dot in a volcano plot. where the colour indicates whether this KEGG function is significantly
more present in the metagenome of BSFL reared on either chicken feed (CF-LM. blue) or supermarket food waste (SFW-LM. red) diet. or not significantly
enriched in either of the metagenomes (black). In panel C the significant KEGGs from panel A and panel B are counted per functional pathway and
visualised in a heatmap. An increasing intensity in the colouring indicates that more significant KEGG functions were found per specific pathway in the

CF-LM (blue) or SFW-LM (red)

was found. The effects of the factor “diet” on MAG abun-
dance is illustrated by the three MAGs, taxonomically
delineated as Scrofimicrobium sp. (p=0.003), Latilatco-
bacillus curvatus (p<0.001) and Levilactobacillus brevis
(p<0.001), where the sample cluster heavily based on the
larval diets. In contrast, the regression analyses of the
MAGs taxonomically delineated as Providencia stuartti
(p=0.019), Providencia rettgeri (p =0.004) and Mammali-
icoccus sciuri (p=0.039) reveal strong clustering based on
the differences between trials.

Biosynthetic gene clusters identified in the BSFL gut
Microbiome

The results of the antiSMASH and BiGSCAPE BGC anal-
ysis of the entire metagenome dataset (Fig. 7) revealed
that after filtering, a total of 39 BGCs were identified
across 16 distinct gene cluster families (GCF). Two GCFs
encoding non-ribosomal peptide synthetases (NRPS),
one GCF encoding polyketide synthase (PKS) and two

GCFs categorised as “Other’, contained BGCs that were
significantly enriched in the CF-LM, whereas one GCF
encoding Ribosomally Synthesised and Post-transla-
tionally Modified Peptides (RiPPs) and two GCFs of the
“Other” category, contained BGCs that were significantly
enriched in the SFW-LM. In both the CF-LM and SEW-
LM, GCFs were identified that encode for the production
of antimicrobial peptides (cluster 1,2 and 3), as well as
GCFs that provide protective functions for the bacteria
through the production of aryl polyenes (clusters 4 and 5)
or siderophores (cluster 6).

Discussion

Study scope, limitations, and the need for experimental
validation

This study aimed to explore diet-dependent shifts in
the taxonomic and functional diversity of the BSFL gut
microbiome and identify microbial traits potentially
linked to larval weight using WGS. It is important to
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Fig. 5 KEGG pathways with enriched bacterial functions in the second trial. Panel A shows the number of enriched KEGGs on either the chicken feed (CF,
blue) or supermarket food waste (SFW, red) diet in the first (left) and the second (right) trial, for six pathways were the differences between the two trials
was the largest. Panel B shows the part of the porphyrin metabolism pathway that involves aerobic- and anaerobic cobalamin synthesis, adapted from
the KEGG pathway map number 00860 [40]. KEGG numbers in bold with a red border represent functions that were significantly enriched in the second
trial of larvae reared on the SFW diet compared to larvae reared on a similar diet during the first trial

recognise that BSFL development is influenced by both
the nutritional composition of the diet and the functional
contributions of its associated microbiome. In our study,
larvae reared on the SEW substrate consistently exhibited
lower final body weights compared to those reared on the
CF substrate. This difference is likely attributable, at least
in part, to the nutritional disparity between the two dif-
ferent diets. For instance, amino acid profiling revealed
that most amino acids were present at lower concentra-
tions in the SFW diet. Specifically, the methionine con-
centration was significantly lower in SEFW (0.12 g/100 g
DM) compared to the CF diet (1.10 g/100 g DM) and
fell below the recommended threshold for optimal BSFL
development (0.23 g/100 g larval growth) [57]. This defi-
ciency may be a key factor contributing to the reduced
larval growth observed on the SFW diet.

However, nutritional composition alone may not fully
account for the observed differences in larval perfor-
mance. Microbial functions within the gut microbiome
likely also contribute to host physiology, influencing fac-
tors such as nutrient assimilation, digestion, and immune
modulation. This is particularly relevant when consid-
ering the variation in larval growth observed between
trials using the same substrate, suggesting that shifts in
microbial community structure or function may play
a role. Indeed, our analysis revealed notable differences
in the microbiome composition of larvae reared on the
same diet across different trials. This discrepancy may be

attributed to variations in the microbial load of the feed
substrates, which could introduce competing microor-
ganisms into the larval gut. Such interactions may dis-
rupt the native gut microbiota, potentially leading to gut
dysbiosis and altered microbial functionality, ultimately
affecting larval development.

These findings highlight the complex interplay between
diet, microbiota, and host development, and underscore
the need for integrated analyses that consider both nutri-
tional and microbial factors. Although the microbial
functions identified through this metagenomic analysis
provide a valuable starting point for hypothesis genera-
tion, targeted experimental validation is essential to con-
firm the actual roles of these microbial taxa and pathways
in the metabolism of diverse waste streams within the
BSFL gut. Such empirical studies will be critical to deter-
mine whether these functions contribute meaningfully
to larval development and waste bioconversion, and to
assess their potential for practical applications.

Functional analysis of the metagenome indicates that
several metabolic and protective functions are encoded by
the BSFL gut microbiome and diet-dependently enriched
Taxonomic and functional profiling of the BSFL gut
microbiome revealed diet-driven shifts, notably by the
enrichment of Actinomycetota in larvae reared on CFE.
Actinomycetes, including the Actinomycetaceae fam-
ily and the genera Corynebacterium, Brevibacterium,
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Proteus mirabilis
Providencia stuartii

Providencia rettgeri

Paenibacillus cookii
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Fig. 6 Maximum Likelihood phylogenetic tree of the 25 metagenome-assembled genomes (MAGs). Branch colours and the coloured sidebar indicate
the phylum-level taxonomic classification of each MAG. Branch lengths represent the number of nucleotide substitutions per site, reflecting evolutionary

distances between MAGs, with longer branches indicate greater divergence

Micrococcales and  Scrofimicrobium were consistently
abundant in the CF-LM in both trials. Actinomycetes
can produce a wide range of useful bioactive compounds,
such as secondary metabolites with antibacterial or anti-
viral activities, enzymes amylase and protease that help
with food digestion, or the production of single-cell
protein that can be used as a potential animal feed [58].
Although the taxonomic resolution of this class is limited,
the ability of this class to produce bioactive compounds
and their presence in the microbiome may contribute
to improved larval growth. Bacillota was a dominant
phylum across diets, with most reads taxonomically
delineated as lactic acid bacteria (LAB) (e.g. Lactiplan-
tibacillus, Levilactobacillus, Enterococcus). Most LAB
were enriched in SFW-fed larvae, where the presence
of Leuconostoc and Latilacobacillus aligned with previ-
ous findings on organic waste substrates [17, 59, 60]. In
contrast, Enterococcaceae were more abundant in CF-fed
larvae. Pseudomonadota were enriched in the SEW diets
(Fig. 2), although their abundance varied between trials.
Specifically, Providencia, a putative member of the BSFL
core microbiome and therefore potentially providing
important functions for the insect host [19], was more
abundant in trial 1 compared to trial 2 (Fig. 3).

KEGG analysis was used to investigate diet-specific
microbial functions. The most striking functional changes
in the BSFL gut microbiome revolved around amino acid,

carbohydrate and energy metabolism (Fig. 4C), pathways
that are involved in bacterial growth and proliferation.
Highlighting some of the most prominent differences
in pathway enrichment between the CF and SFW-fed
larvae might lead to new hypotheses regarding bacte-
rial functionalities. A potential diet-related microbial
function involves metabolism of sorbitol, where several
genes involved in this metabolic pathway were signifi-
cantly enriched in the SFW-LM (Supplementary Figure
S3). Sugar content analysis of the diets revealed that the
SFW diet had a high concentration of sorbitol (Table 2),
which most likely originates from apples included in the
SFW formulation. Microbial breakdown of sorbitol can
lead to a more complete breakdown of the substrate,
potentially generating additional metabolites that are
beneficial to the host insect. Even bacteria that cannot
directly metabolise sorbitol may benefit from the meta-
bolic activity of other microbes by utilizing downstream
products for their own proliferation. Such cross-feeding
and metabolic cooperation among microbes have previ-
ously been shown to support larval growth under nutri-
tional stress in Drosophila [61], yet these interactions
have not yet been reported on in BSFL and warrant fur-
ther investigation.

Riboflavin metabolism functions were also enriched in
the SEFW-LM. It was demonstrated by Pei et al. that cer-
tain bacteria can provide riboflavin for their BSF host,
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thereby enhancing larval survival [62]. Since the ribofla-
vin concentrations of the diets were not measured, it is
unclear whether microbial activity could have contrib-
uted to increased riboflavin availability for the larvae, and
thereby contributed to larval performance. Moreover,
SFW-fed larvae had reduced growth compared to CF-
fed larvae, despite the presence of riboflavin-rich feed
ingredients such as cheese and yoghurt, and potentially
higher microbial riboflavin metabolic activity. Still, fur-
ther research towards the isolation and characterization
of riboflavin-producing microorganisms could provide
valuable insights into the role of riboflavin in BSFL devel-
opment, microbiome-host interactions and strategies to
enhance BSFL performance through targeted microbial
supplementation.

Furthermore, both aerobic and anaerobic cobala-
min (vitamin B12) biosynthesis functions were more
abundant in SFW-fed larvae in trial 2, even thought the
ingredients of the SEW diets from both trials were iden-
tical. As insects cannot synthesise B-vitamins, micro-
bial production may compensate for dietary deficiencies
[63]. Although the specific cobalamin requirements for
BSFL remain unknown, the low larval weight observed
in trial 1 may have resulted from insufficient cobalamin

in the SFW diet, limiting the larvae’s ability to metabo-
lise key nutrients. The enrichment of cobalamin-related
KEGG functions in trial 2 suggests a greater presence of
cobalamin-producing bacteria, potentially due to differ-
ent microbial loads of the SFW batches used. Possibly,
the cobalamin produced by these microorganisms could
have been utilised by the larvae during the second rear-
ing trial, compensating for the nutritional deficiencies of
the diet and resulting in higher larval final weight. These
findings highlight the potential role of microbiome-
derived cobalamin in supporting BSFL development and
underscore the need for further studies to quantify vita-
min levels and identify key microbial producers.

BGCs analysis reveals potential antimicrobial competition
and protective functions among bacterial species

Beyond 16S rRNA profiling, BGC analysis offers deeper
insights into the functional potential of the BSFL Gut
microbiome. This approach revealed gene clusters
encoding metabolites with antimicrobial properties.
For instance, GCF number 2 (Fig. 7) consists of a con-
tig mapped to Lactiplantibacillus, and reference BGCs
extracted from Lactobacillus gasseri involved in the pro-
duction of the bacteriocins gassericin E and T. Gassericin
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T is reported to have strong antimicrobial effect against
several Gram-positive bacteria and, interestingly, this
activity appears to target other closely related lactic acid
bacteria [64, 65]. Given the high abundance of Lactiplan-
tibacillus in the SFW-fed larvae and the presence of this
GCE, it is hypothesised that these bacteriocins may sup-
press competing LAB such as BSFL-native Enterococcus
strains, which were more prevalent in CF-fed larvae.

Another notable cluster, GCF 1, is a non-ribosomal
peptide synthetase (NRPS) and contains two contigs and
two reference genes linked to e-Poly-L-lysine and y-poly-
L-2,4-diaminobutyric acid BGCs, two naturally occurring
homo-poly amino acids known for broad-spectrum anti-
microbial activity [66]. e-Poly-L-lysine in particular is a
commercially valuable antimicrobial agent that has been
found to inhibit both Gram-positive and Gram-negative
bacteria [67]. The contigs, taxonomically delineated as
Corynebacterium and Micrococcales sp., may encode
antimicrobial peptides that can limit the growth of com-
peting microorganisms in the BSFL gut microbiome.
Their potential to biosynthesise e-Poly-L-lysine is indus-
trially significant, particularly given that some microbes
can convert organic waste into this valuable antimicro-
bial [67], offering a sustainable route for high-value bio-
product generation.

In addition to antimicrobial compounds, three clus-
ters were Linked to protective functions for the bacte-
ria. Cluster 6, associated with Enterobacter, included
five BGCs involved in the production of aerobactin and
ochrobactin, which enhance microbial iron acquisition
under limiting conditions [68]. Cluster 5 was enriched
in CF-fed larvae, and contained a single Microbacteria-
ceae linked to a series of ectoine producing BGCs, which
are known to help other Actinomycetia species to sur-
vive osmotic stress [68]. A similar protective function is
found in cluster 4, which linked several Gram-negative
Pseudomonadota members enriched in SFW-fed larvae
to aryl polyenes gene clusters. These effectors may pro-
tect (pathogenic) Gram-negative bacteria against oxida-
tive stress, for example that caused by the host immune
system during infection of an eukaryotic host [69]. This
protective role potentially aids the dominance of Pseu-
domonadota members such as Klebsiella in the SFW-fed
larval microbiome. While the presence of BGCs alone
does not confirm activity, these findings provide a foun-
dation for future transcriptomic studies to explore the
roles of secondary metabolite production in microbial
competition and host protection within the BSFL gut.

Genome reconstruction identifies potential BSFL specific,
beneficial bacteria

Whole genome shotgun sequencing offers higher taxo-
nomic resolution than 16S rRNA gene profiling, enabling
species-level identification and functional analysis of
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microbial genomes (MAGs) that can be Linked to the
phenotypic characteristics of the larvae. Larval perfor-
mance varied between diets and between trials. Although
the nutritional composition of the CF and SFW diets was
not analysed between trials 1 and 2, consistent diet prep-
aration across trials renders it unlikely that the observed
performance differences between the two trials were due
to nutritional variation. Instead, factors such as larval
genetics, microbial load of the diets or microbial com-
munity compositions of the insects may have contributed
to observed differences in larval performance. Therefore,
MAGs that were also affected by differences in trial, diet
or an interaction effect of both, might point to some
important members of the BSFL microbiome.

Eight MAGs showed significant inter-trial differ-
ences in abundance, suggesting that factors beyond diet
composition (such as MAG abundance) influence lar-
val growth. Noticeably, MAGs Providencia stuartii and
P rettgeri were abundant in trial 1 in larvae reared on
both diets and negatively correlated with larval weight.
Providencia rettgeri has been linked to pathogenicity in
the silkworm [70] and the Mexican fruit fly [71], though
some studies suggest native Providencia may support
BSF growth and development [72]. Other negatively cor-
related MAGs with inter-trial differences include Paeni-
bacillus cookii, Heyndrickxia oleronia and Enterococcus
avium. Some Paenibacillus species are known to produce
insecticidal toxins [73], cause diseases in honeybee larvae
[74] or impede BSF larval development and cause mortal-
ity [75]. Possibly, P. cookii possesses similar virulent qual-
ities as these other species that might negatively affect
BSFL development. In contrast, Mammaliicoccus sciuri
showed a slight positive correlation with larval weight
and has been reported to have a protective function in
silkworm larvae due to its inhibitory effect towards par-
asitic fungi [76], suggesting a potential beneficial role in
BSFL as well.

MAGs influenced solely by diet provide insights into
diet-dependent microbiome shifts. Latilactobacillus cur-
vatus and Levilactobacillus brevis were enriched in SFW-
fed larvae but negatively correlated with mean larval
weight. In contrast, Scrofimicrobium sp. and Enterococcus
gallinarum were also diet-associated but positively corre-
lated with larval weight. While these correlations suggest
potential microbial contributions to larval performance,
separating microbial effects from dietary influences
remains challenging. Regardless, these findings sup-
port previous work suggesting that dietary shifts, such
as the switch from CF to SFW after the nursery phase,
can induce gut dysbiosis [20]. This results in a stochas-
tic process where different microbial taxa may become
dominant, as exemplified by the high abundance of Provi-
dencia in the SFW-LM treatment of trial 1 compared to
its lower abundance in CF-LM. Such larval gut dysbiosis
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may be more pronounced with real-world supermarket
food waste, which is more variable in both nutritional
content and microbial composition than the artificial
SFW used here. Microbes thriving on artificial substrates
due to their ability to utilise specific metabolites may not
persist in real waste streams, especially those containing
meat, fish, or spoiled components. Consequently, their
dominance may not translate to real-world conditions.

Future research should account for the variability
in both the nutritional and microbial composition of
real-world food waste. It is also essential to determine
whether the prevalence of Providencia or specific lac-
tic acid bacteria is driven by subtle dietary differences
and whether their presence impacts larval performance.
These insights are critical for evaluating the suitability of
supermarket food waste as a BSFL diet.

Metagenomic assembly reveals novel Scrofimicrobium
species

Several of the MAGs identified in this study, such as
Providencia, Enterococcus, Morganella and Scrofimicro-
bium, have been consistently reported in BSFL micro-
biome research and may represent part of the BSFL
“core” microbiome [19]. However, their functional roles
remain unclear. Of particular interest is MAG concoct.67,
which could not be identified through average nucleo-
tide identify and alignment fraction statistics, but was
placed near Scrofimicrobium canadense based on rela-
tive evolutionary divergence. While Scrofimicrobium
species have previously been detected in BSFL [19, 77,
78], the identification of these bacteria has solely been
based on the comparison of 16S rRNA gene amplicon
sequences against a limited number of Scrofimicrobium
genomes available in genome databases such as NCBIL.
This study is the first to assemble a Scrofimicrobium
genome directly from BSFL, offering a valuable refer-
ence for future taxonomic and functional studies. Indeed,
phylogenetic and BLAST analysis revealed that the Scro-
fimicrobium concoct.67 differs from the genomes Scrofi-
microbium canadense (MN537492.1), Scrofimicrobium
appendicitides (R652275.1) and Scrofimicrobium sp.
(PQ736596.1) (Supplementary Figures S7.1 and S7.2), yet
shows the highest similarity to BSFL-derived 16S rRNA
sequences from previous studies [19, 77]. This highlights
the improved taxonomic resolution that this genome can
provide to BSFL related metagenome research and the
potential of shotgun metagenomics to uncover novel or
poorly characterised microbes in insect microbiomes.
Given the frequent detection of Scrofimicrobium in BSFL,
understanding its functional role in BSFL is important.
Although the functionality of Scrofimicrobium has not
been investigated, related Actinomycetaceae members
have been implicated in the metabolism of insect deter-
rent toxic compounds, such as gossypol in cottonseed
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press cake [79]. In the same study, the ability of Actino-
mycetales members to degrade complex molecules such
as lignocellulose is suggested. Further investigation of
this novel Scrofimicrobium genome may reveal substrate-
specific microbial functions that can support BSFL with
the degradation of complex or deleterious molecules,
offering more insights into the role of this specific mem-
ber of the BSFL gut microbiome.

Conclusions

The current study showed that WGS analysis of the BSFL
microbiome can lead to new and valuable insights on
potential metabolic- and protective functions microor-
ganisms can provide for its insect host. A diet shift during
the rearing cycle of BSFL, combined with the variation
in the nutritional and bacterial load of the diet, can lead
to larval gut dysbiosis, resulting in compositional shift
in the microbiome of the larvae. Metagenomic recon-
struction identified several bacteria, including a novel
Scrofimicrobium species, which provided insights into
the factors that affected the abundance of these MAGs
and revealed potential correlations between their abun-
dances and larval performance. These results suggest that
some of these bacteria can potentially provide beneficial
metabolic functions for the host, or protective functions
against other microorganisms through the production of
antimicrobial peptides, which should be further explored
in future research.

To conclude, this study shows the added value offered
by complementing the existing knowledge on BSFL Gut
microbiome dynamics generated by 16S rRNA sequenc-
ing with the use of WGS. Application of this more exten-
sive sequencing technique results in a more detailed idea
at functional level of changes happening in the microbi-
ota, as well as the ability to assemble genomic data that
can be used to mine for interesting functions within these
insect metagenomes.
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