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Abstract

The larvae of the black soldier fly (BSFL) can efficiently convert food waste into valuable biomass. They are also an
alternative source of fat, protein, and chitin, but little is known about the total microbiota of the whole BSFL and its
impact on the microbiological safety of food and feed. This study was conducted to determine bacterial microbiota
dynamics of the whole BSFL and frass residues during the industrial rearing process, including the effects of thermal
treatment, counts and identification of cultivable bacteria, and the presence of antibiotic resistance genes (ARGs).
The second and the fourth instar larvae, frozen and dried fourth instar larvae, and frass samples were examined.
The composition of the total bacterial microbiota in BSFL samples was similar and dominated by Proteobacteria
while in frass Firmicutes prevailed. The lowest diversity was observed in the second instar larvae and the highest
in the frass. The samples showed a relatively low bacterial community diversity. In agreement with the analysis
of the total microbiota, the isolated cultivable bacterial strains were members of Proteus, Providencia, Morganella,
Staphylococcus, Klebsiella, Enterococcus, and Bacillus genera. The counts of cultivable bacteria increased during the
growth of larvae and were similar in the fourth instar larvae and frass residues. Dried larvae had the lowest number
of viable counts and were dominated by spore-forming bacteria. The determined viable aerobic counts meet the
criteria for edible insects. ARGs conferring resistance to aminoglycosides (aac-aph), f-lactams (blaZ), erythromycin
(ermA), tetracycline (tetM, tetW), and vancomycin (vanA, vanB) were detected by PCR, with the highest diversity
and detection rate in frass. The gene tetM was the most widespread and detected in all groups of the tested samples.
The results of this work extend the scarce knowledge about the dynamics of microorganisms and ARGs in the
industrial-scale food waste upcycling process by BSFL.
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1 Introduction use of Hermetia illucens, also known as the black sol-

dier fly. BSFL are efficient in upcycling food waste into
The global problem of food waste is increasingly being  valuable biomass, attracting sustainable companies to
addressed through innovative solutions, such as the expand the use of BSFL on an industrial scale world-
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wide (Rehman et al., 2023). This process promotes the
circular economy addressing issues like biological waste,
sustainable protein production, and food scarcity.

Food waste has been recently shown to be a safe and
efficient feed source for BSFL rearing (Naser El Deen et
al.,2023). However, the recycling of contaminated waste
by insects poses a serious risk of the transmission of
pathogenic microorganisms (Vandeweyer et al., 2021).
Therefore, proper monitoring of the recycling process
must be assured.

Most of the BSFL research has been conducted under
controlled laboratory conditions that do not directly
translate into the dynamics observed in the large-scale
experiments (Yang and Tomberlin, 2020). The majority
of published data are focused on the gut microbiota of
BSFL (Eke et al., 2023), which is influenced by various
factors, such as rearing substrate, temperature, devel-
opmental stage, feeding duration, and the density of
the larvae, etc. (Bruno et al., 2019; De Smet et al., 2018;
Li et al, 2021; Querejeta et al, 2023; Raimondi et al.,
2020; Schreven et al., 2022; Varotto Boccazzi et al., 2017).
Some studies suggest that the microbiota is also strongly
affected by the local microbiota in rearing facilities, as
well as the geographical origin of H. illucens (Khamis et
al., 2020; Wynants et al., 2019). One of the most chal-
lenging tasks is to ensure the safety of BSFL products
when upcycling waste material which is not fully char-
acterized and even less controlled.

Temperature treatments are a common practice to
mitigate microbial contamination (Aleknavicius et al.,
2022). However, these are costly and ineffective against
spore-forming bacteria such as Bacillus spp. Since BSFL
contain a significant proportion of fats (about 20-41%
of dry mass; Bessa et al., 2020), high temperatures may
be unfavourable in terms of lipid oxidation and genera-
tion of toxic polar compounds (Grootveld et al., 2020).
Efficient strategies to neutralise undesirable microor-
ganisms are crucial for maximising the safety of waste
upcycling.

BSFL frass residues, the end products of BSFL waste
upcycling, are a valuable source of minerals, organic
material, and bacteria (Lomonaco et al., 2024). Although
not directly used for food and feed, it is an efficient
biofertilizer. The biosafety of frass must also be ensured
to prevent the spread of harmful bacteria and ARGs.
Recently, waste treatment by BSFL has gained atten-
tion as a useful tool to reduce ARGs in animal manure,
by also lowering the abundance of antibiotic-resistant
bacteria (Niu et al., 2022; Zhao et al., 2023a, b). BSFL
efficiently degrade mycotoxins, pesticides, and tetracy-
clines, and are therefore suitable for the neutralisation
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of some antibiotics (Van Huis, 2020). The dynamics of
the microbiota components in BSFL frass require fur-
ther investigation.

Insects can participate in the ARGs transfer, con-
ferring resistance to antibiotics commonly used in
medicine, agriculture, and aquaculture (Rawat et al.,
2023). The widespread use of antibiotics exerts selective
pressure that can lead to the development and persis-
tence of antibiotic-resistant strains. To ensure the effec-
tive use of BSFL as food or feed, the risk of ARGs must
be assessed. To date, only a few studies have assessed the
prevalence of ARGs in BSFL and frass residues (Cai et al.,
2018; Cifuentes et al., 2020; Liu et al., 2020; Milanovié¢
et al., 2021b). Tetracycline and erythromycin resistance
genes are commonly found in most industrially reared
insects, including H. illucens (Cai et al., 2018; Cifuentes
et al., 2020; Liu et al., 2020; Milanovi¢ et al., 2021b).

In this study, the microbial safety of plant-based
food waste-fed, industrially reared BSFL was evaluated.
Three rearing stages were investigated: the second (2i)
and the fourth instar larvae, and frass residues after
BSFL harvesting (R). Three thermal treatments of the
fourth instar larvae were assessed: freezing at -20 °C
for 2 h (4i), for 24 h (F), and F drying at 105 °C for 2 h
(D). Microbial safety in terms of total bacterial micro-
biota, viable counts on various growth media, isolation
and identification of cultivable microorganisms, and the
presence of ARGs were analysed. Of published works, in
addition to the microbiota analysis of the whole larvae,
only two inquired into industrial scale rearing (Gorrens
et al., 2022; Wynants et al., 2019), only one that counted
total aerobic counts also performed isolation and identi-
fication of cultivable bacteria (Gorrens et al., 2021), only
one assessed the impact of the post-harvesting treat-
ment (Soomro et al., 2021), and none have investigated
the abundance of ARGs. Therefore, this work provides
a novel comprehensive investigation considering mul-
tiple characteristics of BSFL safety that have not been
previously analysed concomitantly.

2 Materials and methods

Origin and sampling of H. illucens larvae and frass

The H. illucens larvae and frass used in this study were
produced and supplied by a local commercial producer
(Insectum, Vilnius, Lithuania). The larvae were housed
in metal containers (30 x 60 x 30 cm) with inward edges
on top to prevent escape in the chamber at 26 °C and
50-60% relative humidity and constant filtered airflow
(complete air exchange every 3 h). The sieving proce-
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TABLE 1 Sample coding description

Coding Sample description

2i 2nd instar larvae frozen at -20 °C for 2 h.

4i 4th instar larvae frozen at -20 °C for 2 h.

F 4th instar larvae frozen at -20 °C for 24 h.

D 4th instar larvae frozen at -20 °C for 24 h
and dried at 105 °C for 2 h.

R Frass residues after harvesting of 4th instar
larvae.

dure was performed to separate the larvae and frass
residues (Table 1). The larvae were fed on a wet (70%
humidity) plant-based diet, namely homogenized food
waste (6 parts of expired pasta, 4 parts of fruits, and
vegetables, and 1 part of barley malt). Nutritional spec-
ification of the feed was about 43% carbohydrates, 7%
protein, 2.5% fibre, and <1% fat. Larvae were washed
under running tap water for 1 minute in a sieve with a
1 mm mesh size to remove the substrate as in Wynants
et al. (2019). Before processing, the collected larvae (2i
and 4i) were frozen at -20 °C for 2 h (for deactivation),
whereas F samples were frozen at -20 °C for 24 h, as a
part of industrial processing (Liceaga, 2021). To obtain
dried larvae (D), the 4th instar larvae, after freezing for
24 h were dried in a conventional oven (MIWE Michael
Wenz, Germany) at 105 °C for 2 h. The drying con-
ditions were optimized in the rearing facility and the
completion of the drying process was confirmed by the
weight change (3.5-fold reduction). Samples for each
BSFL stage were collected in triplicate, sampling 100 g
of BSFL or frass from three separate containers of the
same batch. One container yields 10 kg of the 4th instar
larvae. Collected samples were processed immediately
after harvesting.

Viable counts

To estimate viable counts, 10 g of each sample (2i,
4i, F, D, and R) were aseptically homogenized with a
manual grinder and diluted in a sterile 1x phosphate-
buffered saline (PBS) solution (Reachem, India). All
samples were diluted in 20 ml of 1x PBS, except for D
30 ml, and for R 40 ml were used because of a high
absorption of the liquid. 10-fold dilutions of the sam-
ples were inoculated on the plates of selected growth
media. Casein Soybean Digest (CASO) agar (Merck, Ger-
many) was selected based on the preliminary obser-
vation, that this media produced the highest number
of colony-forming units (CFUs) in comparison to other
media used in this study. CASO agar plates were incu-
bated at 37 °C for 24 hours before colony counting.
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Total mesophilic aerobes were counted in CASO and
Plate Count Agar (PCA) (Liofilchem, Italy) plates. Aer-
obic bacterial spores were also counted on PCA plates
but before plating homogenates were heated to 80 °C
for 15 min followed by cooling in iced for 5 min. PCA
plates were incubated at 30 °C for 48 h. The data were
expressed as the mean of log CFU per gram + standard
error of independent triplicate biological experiments.
A two-way analysis of variance (ANOVA, P < 0.05) and
Tukey's honestly significant difference test (P < 0.05)
was used for statistical analysis. Calculations were per-
formed using Microsoft Office Excel 2019.

DNA extraction

10 g of each sample were homogenized with 1x PBS, like
for the viable counts experiment. Samples were cen-
trifuged at 800 x g for 10 min. Supernatant collected
and centrifuged at 16000 x g for 2 min. The super-
natant was discarded. DNA extraction was performed
using about 200 mg of collected sediment per sample,
using the Genomic DNA Purification Kit (Thermo Fisher
Scientific Baltics, Vilnius, Lithuania), according to man-
ufacturer instructions. The quality and quantity of the
extracted DNA were evaluated spectrophotometrically
at 260, 280, and 234 nm, using NanoPhotometer P330
(Implen GmbH, Munich, Germany).

DNA sequencing

The next-generation sequencing was performed by
ZymoBiomics Targeted Sequencing Service (Zymo
Research, Irvine, CA, USA). Bacterial diversity was
analysed based on the PCR amplification of V3 and
V4 regions of the 16S rRNA genes using 34IF (5'-
CCTACGGGNGGCWGCAG-3') and 785R (5'-GACTACH
VGGGTATCTAATCC-3') primers (Klindworth et al,
2013). The final library was sequenced on Illumina
MiSeq™ with a v3 reagent kit (600 cycles). The sequenc-
ing was performed with 10% PhiX spike-in.

Processing and analysis of the sequencing data

Raw sequencing data, demultiplexed by ZymoBiomics,
were obtained in FASTQ format and subsequently pro-
cessed using QIIME2 (v2020.06) (Bolyen et al., 2019).
Initially, Cutadapt (v2.8) was employed to excise ampli-
con primers (Martin, 2011). The DADA2 plugin facili-
tated the denoising, filtering, and trimming of reads
(Callahan et al., 2016). Taxonomic classification of
amplicon sequence variants (ASVs) was performed
using the RDP database, with a classifier trained on
the specific region (Klindworth et al., 2013). A de novo
tree was constructed using the multiple sequence align-



ment program (MAFFT) within QIIME2 and used for
subsequent diversity analyses incorporating phyloge-
netic distances (Price et al., 2010). Alpha diversity met-
rics, including Shannon’s Diversity, Faith’s Phylogenetic
Diversity (PD), and Pielou’s Evenness, were calculated
within QIIME2 using rarefied counts (subsampled to
the smallest read count across samples). For statisti-
cal comparison of alpha diversity metrics across groups,
p-values were computed using the Qiime2 alpha-group-
significance method. Box plots for alpha diversity were
created using Microsoft Office Excel 2019 for visualiza-
tion. Beta diversity was assessed using several metrics:
unweighted UniFrac distances, which measure phylo-
genetic distances between taxa; and weighted UniFrac
distances, which consider both phylogenetic distances
and relative abundance (Lozupone and Knight, 2005).
Statistical significance of beta diversity differences
among groups was assessed using the build-in QIIME2
beta-group-significance method, which applies PER-
MANOVA test (Anderson, 2001). Principal coordinates
analysis (PCoA) plots were generated using ClustVis to
visualize beta diversity (Metsalu and Vilo, 2015). The
heatmap was created using SRplot (Tang et al., 2023).

Isolation and identification of cultivable bacteria
Randomly selected colonies from viable counts exper-
iment, with a preference to morphological differences,
were subjected to further analysis. DNA was extracted
by alkaline lysis by placing the cells from a plate into
25 pl aqueous 0.02 M NaOH (Lachema, Czech Republic)
solution and heated at 95 °C for 10 min. 2 pl of lysed cells
were added to the PCR mixture. For identification of
bacteria, primers W001 (5-AGAGTTTGATCMTGGCTC-
3) and W002 (5-GNTACCTTGTTACGACTT-3) were
used to amplify V3-V4 region of 16S rRNA genes.

The reaction mixture was composed of 5 pl Dream-
Taq buffer, 1 ul of 2 mM dNTP mix, 1 ul of each primer
(10 umol/L), 2.5 units of DreamTaq DNA polymerase,
4 ul of lysed cells, and sterile distilled water to the final
volume of 50 pl. The following PCR conditions were
employed for bacterial DNA amplification: 95 °C for
5 min, followed by 30 cycles of 94 °C for 30 s, 45 °C for
30 s, and 72 °C for 2 min. The final extension was car-
ried out at 72 °C for 10 min for both PCR reaction types.
The size of all PCR products was analysed by 1% agarose
gel electrophoresis compared to GeneRuler DNA Ladder
Mix. All chemicals for PCR reactions were manufactured
by Thermo Fisher Scientific Baltics, Vilnius, Lithuania,
while the primers were obtained from Metabion, Ger-
many.
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Obtained DNA fragments were subjected to restric-
tion fragment length polymorphism (RFLP) analysis.
BsuRI (Haelll) (10 U/ul) and Hhal (10 U/yl) restriction
enzymes with corresponding reaction buffers Buffer
R (10x) and Tango Buffer (10x) were purchased from
Thermo Fisher Scientific Baltics, Vilnius, Lithuania. PCR
products were cut using restriction endonucleases sep-
arately. The reaction mixture per sample consisted of
0.5 pl of restriction enzyme, 1 ul reaction buffer and
3.5 ul distilled water. 5 pl of the PCR product was added
to each reaction mixture and incubated at 37 °C for 1
hour. Reaction products were analysed by agarose gel
electrophoresis.

Based on the diversity of colony morphology and
RFLP analysis data, diverse PCR products were purified
using the GeneJet PCR purification kit (Thermo Fisher
Scientific Baltics, Vilnius, Lithuania) and sequenced
using W00l and/or W002 primers at BaseClear (Lei-
den, the Netherlands). Sequencing data was analysed
using Chromas (version 2.6.6) software. The gener-
ated sequences were compared with those found in
the FASTA network service of the EMBL-EBI database
(accessed on 6 April 2023). Sequences with identity
scores higher than 97% were assigned to the described
genus and/or species.

Detection of antibiotic resistance genes

The total extracted DNA from 24i, 4i, F, and R was tested
for the presence of ARGs. The presence of 13 ARGs
was examined, namely, genes granting resistance to
aminoglycosides (aac-aph), B-lactams (blaZ, mecA), ery-
thromycin (ermA, ermB, ermC), tetracycline (tetK, tetM,
tetO, tetS, tetW) and vancomycin (vanA, vanB). ARGs
were detected by PCR assay, using primers and PCR con-
ditions as described in (Milanovi¢ et al, 2021b). The
following modifications for the reaction mixture were
made: 2.5 pl DreamTaq buffer, 0.5 ul of 2 mM dNTP
mix, 0.5 ul of each ARG-specific primer (10 umol/L), 1.25
units of DreamTaq DNA polymerase, 2 ul of extracted
total gDNA, and sterile distilled water to the final vol-
ume of 25 pl. The size of PCR products was analysed
by 1% (w/v) agarose gel electrophoresis, comparing the
size with molecular weight marker GeneRuler DNA Lad-
der Mix. Nuclease-free water was used as a negative
control in PCR reactions. All PCR reactives used were
from Thermo Fisher Scientific Baltics, Vilnius, Lithuania,
while the primers were synthesised at Metabion, Ger-
many.
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TABLE 2 Bacterial 16S rDNA metagenomic analysis data summary!

Sample Total obtained reads  High-quality reads ~ASVs  Shannon diversity = Faithpd  Pielou evenness
2il 29385 19923 33 2.6 1.8 0.5
2i2 31448 21643 32 2.7 1.6 0.5
2i3 42352 28962 28 2.8 1.5 0.6
4il 40855 27703 37 3.6 5.8 0.7
4i2 43486 27076 31 34 1.3 0.7
4i3 43657 28611 33 3.6 1.2 0.7
F1 40911 25554 33 3.8 11 0.7
F2 44590 28873 36 3.6 1.2 0.7
F3 37998 23262 28 3.5 11 0.7
Rl 45858 29269 38 2.9 1.8 0.6
R2 47697 29278 47 3.3 2.5 0.6
R3 43211 26133 48 3.6 2.5 0.6

1 2i=2nd instar, 4i = 4th instar larvae, F = 24 h-frozen 4th instar larvae, R = frass residues.

Results and discussion

Diversity and richness of black soldier fly and frass
residues microbiota

The bacterial community of BSFL was investigated by
high-throughput sequencing of the 16S rRNA genes.
Four stages of BSFL industrial processing were analysed
with three replicates each (Table 2).

In total, 12 individual samples were analysed. Total
reads, high-quality reads and ASVs per sample were sim-
ilar between the groups. The R group, which was the
only group consisting of residues but not the larvae
itself, had the highest numbers of high-quality reads and
ASVs in relation to the larval samples. The average num-
ber of ASVs was 35 + 6.47 per sample, whereas in the R
group it was 44 + 5.51 ASVs, indicating greater microbial
richness in R.

Total microbiota analysis showed the differences
among the different BSFL industrial-rearing stages.
Alpha diversity analysis revealed that 2i had the low-
est, while 4i and F had the highest diversity scores, and
the differences were statistically significant (Supple-
mentary Figure S1). It is consistent with an observation
in a recent study, that bacterial richness and diversity
increase during H. illucens development from larval to
pupal stage (Querejeta et al., 2023). The microbiota of
R was statistically significantly more diverse in terms of
phylogenetic analysis (Faith PD) and had the greatest
bacterial richness.

Beta diversity analysis was performed by pseudo-F
statistics of weighted and unweighted sample groups
using permutational multivariate analysis of variance
(PERMANOVA). In contrast to alpha diversity, BSFL
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TABLE 3 Beta diversity analysis of BSFL samples based on
weighted and unweighted UniFrac distance metrics!
Unweighted UniFrac Weighted UniFrac
pseudo-F P-value pseudo-F P-value
2ivsdi 164 0.091 18.28 0.092
2ivsF  4.56 0.102 41.12 0.097
2ivsR  2.59 0.098 39156 0.102
4ivsF 1.07 0.205 0.55 0.59
4ivsR 169 0.202 122.79 0.095
FvsR  6.82 0.108 156.98 0.103

1 2i = 2nd instar, 4i = 4th instar larvae, F = 24 h-frozen 4th instar
larvae, R = frass residues.

samples did not show statistically significant differences
in beta diversity (P > 0.05) (Table 3).

Consistent with sample preparation, the most similar
communities reside in 4i and F, which are represented
by the lower pseudo-F values and the higher p-values
of both unweighted and weighted metrics (Table 3).
This confirms the minimal impact of prolonged freez-
ing on the bacterial community diversity of the fourth
instar larvae. R group is the most diverse since compar-
isons with each other group, given the highest values of
weighted pseudo-F metric (Table 3), however, the dif-
ference is still not statistically significant. This suggests
that any apparent differences could arise due to ran-
dom variation rather than true underlying differences
in metagenomics data.

Bacterial communities between 2i, 4i, F and R were
different, and the differences were evaluated based on
PCoA. Both unweighted and weighted UniFrac distances
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FIGURE 1  Comparison of bacterial communities between different stages of black soldier fly industrial growth and processing by

principal coordinate analysis (PCoA). Plots are displaying unweighted (A) and weighted (B) Euclidian distance among samples.

2i = second instar, 4i = fourth instar larvae, F = 24 h-frozen fourth instar larvae, R = frass residues.

showed a close relation between the F and 4i groups
(Figure 1). The distance between communities of 2i and
R samples, and 4i and F samples is far more evident in
the weighted test.

Bacterial communities in different black soldier fly
processing stages

The taxonomic composition of both growth stages of
BSFL was similar, where Proteobacteria dominated,
while R was mainly inhabited by Firmicutes (Figure 2).
At the phylum level, domination of Proteobacteria was
also observed in BSFL fed with plant-based Gainesville
diet (Raimondi et al, 2020), while in another study
with the same diet, Bacteroidetes prevailed (Zheng et
al., 2013). The proportion of Firmicutes increased about
3.6-3.8 times when progressing from the second to the
fourth stage of BSFL and to the frass (Supplementary
Table S1). Actinobacteria were mainly found in the
fourth instar BSFL.

Almost all Proteobacteria were members of Enter-
obacteriaceae family (Figure 2, Supplementary Table
S1). The representation of Enterococcaceae family (Fir-
micutes) increased from stage 2i to stage R, starting from
2.73% in 2i, followed by 10.09% and 13.85% in 4i and
F, with the peak of 20.76% in R (Supplementary Table
S1). Other families were less abundant. R stand out with
the high (52.52%) ratio of Staphylococcaceae (of which
52.31% belong to Staphylococcus sp.) and a significant

18.76% of Lactobacillaceae (with 4.01% of Lactobacillus
sp. bacteria).

At the genus level, members of Enterobacteriaceae,
namely Proteus sp. and Providencia sp. were present
at the highest ratios (about 19-54%) in 2i, 4i, and F,
whereas more than 20% of total bacteria in 4i and F
were Morganella sp. (Figure 2, Supplementary Table S1).
Klebsiella sp. from the same family was less abundant
(below 2%) but found in all samples, like Enterococcus
sp. (Supplementary Table S1). Ignatzschineria sp. was
also present in all samples with a minimum of 0.01%
in 2i and a maximum of 0.98% in F. Some genera of
bacteria were detected only in 2i and R, like Bacillus sp.
(0.64% and 0.26%, respectively) and Lactobacillus sp.
(0.24% and 4.01%, respectively), while Corynebacterium
sp. was only found in R (0.51%) and Pseudomonas sp.
only in 2i (0.73%), both with trace amounts of 0.01%
in 2i and R samples, respectively. The relatively low
abundance of Bacillus may be related to the limited pro-
tein content in plant-based substrate, since Bacillus spp.
were associated with protein digestion (Yu et al., 2022).

Differences between 4i and F revealed that prolonged
freezing favours the detection of bacteria. Although
the average ratios of the detected bacteria were simi-
lar, prolonged freezing increased the detection of Acti-
nobacteria phylum (from 10.52% to 13.20%); Entero-
coccaceae family (from 10.09% to 13.85%) of which
Enterococcus sp. (from 0.25% to 0.72%); Klebsiella sp.
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FIGURE 2  Taxonomic composition of bacterial communities at black soldier fly rearing and processing stages. Relative abundance of ASVs

at phylum, family, and genus levels are represented. 2i = 2nd instar, 4i = 4th instar larvae, F = 24 h-frozen 4th instar larvae, R =

frass residues.

(from 0.32% to 1.79%); Morganella sp. (from 21.88% to
23.47%) of Enterobacteriaceae family; and Xanthomon-
adaceae family member Ignatzschineria sp. (from 0.52%
to 0.98%) (Supplementary Table S1). On average, there
were three families, and five genera less represented in
the longer frozen samples, namely Flavobacteriaceae of
which Imtechella sp. (0.26% vs 0.00%); Staphylococ-
caceae (3.87 vs 0.94) of which Jeotgalicoccus sp. (0.26%
vs 0.01%), Staphylococcus sp. (3.61% vs 0.94%); Enter-
obacteriaceae (74.71% vs 71.03%) of which Proteus sp.
(28.20% vs 19.62%), Providencia sp. (3.61% vs 0.94%).
However, these differences were not observed uniformly
regarding individual samples. Most of the discrepancy
between the abundance ratios was minor (below 4%),
except for Proteus sp. which was by 8.58% less rep-
resented in F than 4i. Relative abundance of Proteus
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genera bacteria was also shown to decrease in prepu-
pae, when BSFL were reared at lower temperatures (Rai-
mondi et al., 2020).

Distribution of the most common ASVs in bacterial
communities of each BSFL processing stage is repre-
sented by the heatmap (Figure 3).

Staphylococcus (ASV5, ASV10, ASV11, ASV23, ASV20,
and ASV32), Lactobacillaceae (ASV9), Lactobacillus
(ASV17) and Corynebacterium (ASV41) are commonly
found in R (Figure 3). Enterococcaceae (ASV5 and
ASV12) and Enterococcus (ASV28) were present not only
in R but also in 4i and F. Morganella (ASV2, ASV22,
ASV16, and ASV3l) and Ignatzschineria (ASV25) were
hallmarks of the fourth instar larvae. Most Proteus and
Providencia ASVs were found in 2i exclusively, with sev-
eral exceptions (Providencia ASV3, ASV24, ASV14; Pro-
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1 ASV27 g__ Proteus
_[ ASV6 g__Proteus

ASV2 g_ Morganella

ASV18 g_ Klebsiella
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ASV15 g__Proteus

ASV19 g__Proteus

FIGURE 3

ASV5 g Staphylococcus
ASV10 g__Staphylococcus |
ASV11 g__Staphylococcus R
ASVO9 f_Lactobacillaceae
ASV23 g__ Staphylococcus -1
ASV17 g__Lactobacillus
ASV20 g__Staphylococcus
ASV32 g__ Staphylococcus
ASV41 g__Corynebacterium
ASV4 f_Enterococcaceae
ASV12 f__Enterococcaceae
ASV28 g__Enterococcus

ASV22 g_ Morganella

ASV16 g_ Morganella
ASV13 f__Enterobacteriaceae

ASV7 g__ Providencia

ASV3 g_ Providencia
ASV14 g__ Providencia

ASV24 g_ Providencia
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ASV?29 f Enterobacteriaceae
ASV26 f__Enterobacteriaceae
ASV35 f__Enterobacteriaceae
ASV31 g_ Morganella
ASV25 g__Ignatzschineria
ASV30 g__Providencia
ASV21 g__Enterococcus

Heatmap of the most abundant unique bacterial ASVs (>1% relative abundance) in black soldier fly industrial growth and

processing stages. 2i = 2nd instar, 4i = 4th instar larvae, F = 24 h-frozen 4th instar larvae, R = frass residues.

teus ASV27, ASV6) that were also detected in the fourth
instar larvae. Analysis of ASVs showed prominent clus-
tering of 2i and R, whereas 4i and F remained very
similar.

The composition of BSFL microbiota resembled
more to the one that was observed upon feeding with
nutrient-restricted diets, regarding the large proportion
of Gammaproteobacteria and a lot smaller of Bacilli
class bacteria (Supplementary Table S1), whereas in a
full nutrient diet, more than 90% of bacteria were Bacilli
(Marasco et al., 2022). The bacterial community of frass
is considered to be largely dependent on the substrate
(Schreven et al., 2022), however, the relative abundance

of Firmicutes, Proteobacteria, and Actinobacteria were
very similar to the other study where the plant waste
and kitchen waste was used for BSFL rearing (Deng et
al., 2022). We were unable to analyse the total micro-
biota of D due to unsuccessful attempts to extract suf-
ficient high-quality gDNA suitable for subsequent PCR
reactions, likely because of the high lipids and chitin
content. Generally low bacterial diversity was observed
in our study.

Viable counts and cultivable bacteria diversity

The assessment of microorganisms is essential to ensure
the safety of food consumption. To evaluate the number
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TABLE 4  Viable counts during the processing of H. illucens
larvae. Numbers (in log CFU/g) are expressed as
means + standard error

Sample! Total mesophilic aerobes Aerobic

CASO PCA bacterial
spores (PCA)
2i 51+0.1¢ 5.1+ 0.0¢ 2.7+0.32

4i 6.1+ 0.1de 6.2 + 0.2de 29+0.22

F 6.7 £ 0.1¢ 6.6 + 0.1° 2.8+0.02

D 43+0.1° 4.3+ 0.2b 4.1+0.0°

R 6.4 +0.1¢ 5.5 +0.1¢d 2.8+0.22

=

Samples of 2nd instar (2i) and 4th instar (4i) larvae; 24 h-frozen
(F) and heat-dried (D) 4th instar larvae; and frass residues (R) are
represented. Means marked with different letters are significantly
different (P < 0.05).

of living microorganisms in different stages of indus-
trial growth and processing of BSFL and frass, the viable
counts assay was performed by plating the samples on
CASO, PCA, and YPD plates. CFUs were observed on all
plates. YPD growth medium, supplemented with chlo-
ramphenicol, was chosen for yeast isolation. However,
microscopical inspection of CFUs on YPD plates and
PCR assays revealed only the presence of bacteria but
not yeasts (data not shown). Since no yeast colonies
were observed, the YPD medium was excluded from fur-
ther investigation. The numbers of viable counts are
presented in Table 4.

CASO medium appeared to be the most favourable
growth medium for the cultivation of bacteria in BSFL
samples, although the viable counts were similar (except
for R) on PCA medium as well. The highest counts of
total mesophilic aerobes were detected in F, 4i, and R
on CASO medium, and 4i and F on PCA, ranging from
6.1 to 6.7 log CFU/g (Table 4). There was no statisti-
cally significant difference in viable counts between 4i
and F on any media, consistent with the minimal pro-
cessing difference. The total bacteria count in 2i was
smaller than in 4i and F, indicating an increase in bac-
terial counts during the growth of the larvae. Only in R,
statistically significantly higher counts were detected in
CASO than in the PCA medium (6.4 and 5.5 log CFU/g,
respectively).

The highest viable counts were found in the F (6.7 +
0.1 log CFU/g), while the lowest were in D (4.3 = 0.1
log CFU/g). Freezing followed by roasting at 105 °C
for 2 hours resulted in up to 2.4 logs reduction of
viable counts (Table 4). D produced the lowest (from
3.9 to 4.3 log CFU/g) and statistically equal counts on
all the tested media, showing that most CFUs come
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from spores. However, D has about 10 times statisti-
cally significantly higher (P < 0.05) spore counts, than
other samples. Counts of endospores are considered to
remain similar throughout the life cycle of H. illucens
(Van Looveren et al, 2024). It may be related to the
higher number of individual larvae in the D sample,
since freshly harvested BSFL can contain about 75%
of humidity, the majority of which is lost with drying
(Shelomi, 2020). Drying at 105 °C has been shown as
an efficient strategy to preserve harvested edible insects,
however spore-forming bacteria remain a potential risk
(Klunder et al., 2012). Thus, thermal treatment can be an
effective strategy to reduce microbial contamination of
the BSFL, however potential dangers must be evaluated
to ensure a safe post-harvesting.

Viable counts were 1-4 logs less, or in some cases sim-
ilar alike in other works, where waste was used as a
substrate (Osimani et al, 2021; Raimondi et al., 2020;
Wynants et al, 2019). Differences may be related to
the distinct sample processing. BSFL frass containing
even higher numbers of CFUs (up to 10° CFU/g) had
not impaired soil hygiene, since frass bacteria were out-
competed by soil microorganisms (Klammsteiner et al.,
2020). Regulation of insects as food or feed are distinct
worldwide (Lee et al., 2022). H. illucens is currently not
accepted as an edible insect for humans in EU. BSFL
are allowed as a feed only in aquaculture, while sub-
strates for BSFL are limited agro-industrial vegetable
waste is permitted, according to the regulations in EU
(Lee et al., 2022). However, there are currently no strict
regulations for the microbiological safety of any edi-
ble insects, since it is a complex task (Grabowski et al.,
2022). Only Netherlands have specified contamination
limits for total aerobic counts below 5.7 log CFU/g and
some bacteria but not for aerobic spore-forming bac-
teria (Kox, 2019). EU regulations for ground meat per-
mits counts below 6.7 log CFU/g. According to the local
Lithuanian hygiene standard HN 26:2006, the maxi-
mum permitted level of total microorganisms processed
meat products is up to 4 log CFU/g and in smoked fish
products up to 5 log CFU/g. The limit of 4 log CFU/g
is exceeded in most of the samples, except for spore
forming bacteria, where only D were slightly above the
threshold with 4.1log CFU/g (Table 4). Freezing and dry-
ing of BSFL almost achieves the microbiological criteria
for certain meat and fish foodstuffs in Lithuania. This
additional treatment at high temperature can reduce
the microbial counts to the strictest permissible limit.

In total, 172 cultivable bacteria isolates were obtained
in this study. RFLP analysis of the isolated strains
showed 28 different profiles (Supplementary Table S2),
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TABLE 5 Cultivable bacteria isolated from H. illucens larvae and frass

Phylum Genus/species Sample!

Actinobacteria Rothia terrae 4i

Firmicutes Bacillus amyloliquefaciens D
Bacillus cereus 2i,D
Bacillus licheniformis 2i,4i,D, R
Bacillus licheniformis/aerius R
Bacillus sp.? 2i, 4i,D, R
Bacillus sp.3 F R
Bacillus thuringiensis/cereus 2i
Enterococcus avium 4i
Enterococcus faecalis 4i, F
Oceanobacillus caeni 4i,D
Sporosarcina newyorkensis 4i
Staphylococcus pasteuri 4
Staphylococcus simulans F, R

Proteobacteria Klebsiella pneumoniae/variicola 4i
Morganella morganii 4, F
Proteus mirabilis/vulgaris 4i
Proteus sp.* 4
Providencia rettgeri 4i
Providencia stuartii 4i

1 Abundance of cultivable bacteria in the samples of 2nd instar (2i) and 4th instar (4i) larvae; 24 h-frozen (F) and heat-dried (D) 4th instar

larvae; and frass residues (R) is represented.

2 B. amyloliquefaciens/B. subtilis subsp. stercoris|B. velezensis|B. tequilensis/B. subtilis.

3 B.amyloliquefaciens/B. velezensis/B. siamensis.
4 P.mirabilis|P. cibarius|P. vulgaris|P. terrae subsp. cibarius.

whereas partial 16S rDNA sequencing led to the identi-
fication of 7 bacteria at the genus and 13 strains at the
species level (Table 5).

In agreement with the total microbiota analysis, iso-
lated cultivable bacterial strains were members of Pro-
teus, Providencia, Morganella, Staphylococcus, Klebsiella,
Enterococcus, and Bacillus genera. 4i had the great-
est number of different bacterial species, where all 10
genera were represented. Four genera, namely Bacil-
lus, Enterococcus, Staphylococcus, and Morganella were
also found in F. Bacillus sp. was isolated from 2i. R
hosted Staphylococcus and Bacillus bacteria, while D
was limited to cultivable spore-forming Bacillus and
Oceanobacillus strains. Thus, the highest diversity of cul-
tivable bacteria was isolated from the 4i. Enterococcus,
Klebsiella, Morganella, Providencia, and Scrofimicrobium
genera are members of the BSFL gut core microbiota, as
described by a recent meta-analysis, while Proteus was
also very abundant (IJdema et al., 2022). Meta-analysis
was mostly focused on the microbiota of the insect gut
since only two studies (Gorrens et al., 2022; Wynants et
al., 2019) were included in the analysis. However, the

whole BSFL microbiota showed significantly higher bac-
terial diversity than only in the gut (IJdema et al., 2022).
The most represented genera in BSFL samples seem to
be members of the core microbiota.

Prolonged freezing at -20 °C did not result in any sta-
tistically significant differences between 4i and F sam-
ples. Freezing and/or storage of insects or other samples
is a common practice in research, mainly to preserve the
original state of the research object prior to the further
analysis. Freezing at -20 °C is a common practice for
insect killing, however, blanching or other methods are
more effective in the reduction of microbiological con-
tamination (Larouche et al., 2019). BSFL killing by freez-
ing at -20°C reduced the viable counts of Pseudomonas
spp., when compared to other methods (Larouche et al.,
2019). We have only detected Pseudomonas spp. in 2i
samples with less than 1% of relative abundance (Sup-
plementary Table S1). Microorganisms show different
tolerance for freezing, thereby, some are preserved while
others are slowly diminishing (Archer, 2004). Effects of
prolonged freezing are slow, thus the difference between
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2 and 24 hours was probably too small to detect signifi-
cant differences in this work.

An exclusive prevalence of certain bacteria genera
in the BSFL rearing stage was observed. A significant
ratio Morganella morganii (approximately 20%) was
exclusively present in the fourth instar BSFL (Figure 2,
Supplementary Table S1), consistent with the data of
previous studies that it is associated with later stages
of larval development (Querejeta et al., 2023; Shelomi,
2020). M. morganii was linked to the mortality of the
fruit fly (Salas et al., 2017), phenol production (Marshall
et al., 2016), urea hydrolysis (Gold et al., 2020), and inhi-
bition of pathogenic bacteria Pseudomonas aeruginosa
(Tegtmeier et al., 2021). Staphylococcus sp. was the most
abundant genera unique to frass. It could originate from
the food waste substrate, but in a previous study, BSFL
rearing resulted in the complete elimination of these
bacteria from the substrate (Gold et al., 2020). Staphy-
lococcus increased the lipolytic activities of BSFL (Meng
etal., 2023).

Identification of bacteria in D samples revealed that
the major risk (or benefit) in dried larvae are spore-
forming bacteria of Bacillus sp. Bacillus spp. were com-
monly detected bacteria not only in D but in all samples.

Bacteria species isolated in this work may be valu-
able BSFL microbial community members. Bacillus sp.,
Providencia sp., Klebsiella sp., Proteus sp., certain strains
of Paenibacillus sp., Enterococcus faecalis were tested
as probiotics for BSF rearing, and showed beneficial
effects, with Proteus sp. being the most elusive by show-
ing inconsistent results, as described in (Gorrens et al.,
2023). Klebsiella pneumoniae strains, isolated from BSFL
gut, were non-toxic and shown to contribute to BSFL tol-
erance to sulfonamides and cadmium (Shi et al., 2022).
A recent review provides a summary of the functional
roles of the insect-associated bacterial strains, where
the members of Bacillus sp. stand out, for the digestion
of carbohydrates, protein, and lipids (Carpentier et al.,
2024). BSFL-associated Providencia sp., Morganella sp.,
Klebsiella sp., and Bacillus sp. strains showed inhibition
of some pathogenic bacteria (Tegtmeier et al., 2021).
Rothia terrae — the only isolated actinobacteria — was
reported to have some enzymatic activities that can pro-
vide benefits in the food industry (Angelidis et al., 2015;
Chou et al., 2008). Different results have been observed
of the impact on the microbiota of the animals consum-
ing BSFL (Salahuddin et al., 2024), and while clear rea-
sons for these differences are unknown, BSFL microbial
composition may also impact the nutritional outcomes.

Although B. licheniformis and B. cereus, Enterococ-
cus sp., M. morganii, and K. pneumoniae are associated
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TABLE 6  Antibiotic resistance genes in total gDNA of BSFL
samples. The number indicates the presence of
corresponding ARG out of the three tested replicates
of each sample, confirmed by PCR assay

Gene Sample!

2i 4i F R

aac-aph - - - 1

blaZ - - 1 -

mecA - - - -

ermA - - - 3

ermB - - - -

ermC - - - -
tetk - - - -

tetM 1 2 1 3

tetO - - - -

tetS - - - -

tetW - - - 2

vanA - - - 1

vanB - - 1 3

1 2i = 2nd instar, 4i = 4th instar larvae, F = 24 h-frozen 4th instar
larvae, R = frass residues.

with foodborne diseases, the most common causes of
infection are poor food storage conditions or inade-
quate hygiene (Davis and Price, 2016; Fiore et al., 2019;
Gu et al.,, 2019; Liu et al., 2016; Tewari and Abdullah,
2015) Almost all cultivable bacteria identified from BSFL
could be opportunistic pathogens, but their adverse
effects are most commonly determined in immuno-
compromised people or in hospital-acquired infec-
tions, where uncontrolled growth of certain bacteria is
observed. Investigation of the properties of individual
isolated strains is required to better understand their
role in BSFL rearing and product safety.

Antibiotic resistance genes

Total DNA extracted from 2i, 4i, F, and R were screened
for the presence of common genes conferring resistance
to aminoglycosides (aac-aph), B-lactams (blaZ, mecA),
erythromycin (erm- genes), tetracycline (tet- genes) and
vancomycin (van- genes). The presence of ARGs was
confirmed by PCR assay (Table 6).

Analysis of ARGs confirmed that genes conferring
resistance to tetracyclines (namely tetM) were found
in all BSFL industrial processing stages tested (Table
6). There was almost no difference between 2i and 4i,
where only the tetM gene was detected in part of the
tested replicates. More ARGs were detected in F than 4i
samples but it is rather a coincidence, since the genes
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were detected in only one replicate out of three. Most of
the ARGs were not detected in all replicates, suggesting
random distribution and/or relatively small amounts
(manufacturer states that DreamTaq DNA polymerase
sensitivity for human gDNA is 30 pg) of these genes. R
contained the highest variety of ARGs (aac-aph, ermA,
tetM, tetW, vanA and vanB), that correlates with the
highest diversity of bacteria. Furthermore, ermA, tetM,
and vanB were found in all frass samples, making R the
most ARG-rich fraction of BSFL products (Table 6).

Even though the use of antibiotics for non-medical
applications is prohibited by EU regulations (1831/2003/
EC), the spread of ARGs in the food chain poses a serious
risk. Our results are similar to those of another study, in
which tetracycline-resistance genes were the most com-
monly detected in BSFL samples, and the highest diver-
sity of ARGs was also found in frass (Milanovi¢ et al,
2021b), whereas other works also reported the presence
of tetM genes in BSFL samples (Cali et al., 2018; Cifuentes
et al., 2020; Liu et al., 2020). To date, tetracyclines are
the most widely used antibiotics (Granados-Chinchilla
and Rodriguez, 2017). Resistance to antibiotics of the
tetracycline family is commonly detected in samples
from farms, soil, and water, with tetM being the most
widely transferred between different bacteria due to its
association with mobile genetic elements (Roberts and
Schwarz, 2016).

The ARGs found in this work are related to the BSFL-
associated bacteria. Tetracycline resistance genes are
found in diverse bacterial genera, while other ARGs
detected in this work have been detected only in spe-
cific bacterial genera. M. morganii contributes to the
spread of ARGs, even though none of the tested ARGs
were reported in this species (Liu et al.,, 2016). The ermA
gene is commonly detected in staphylococci (Lina et
al., 1999), whereas aac-aph is more widespread among
different genera and are found in enterococci, staphylo-
cocci, and streptococci (Lalitha Aishwarya et al., 2020).
Vancomycin resistance genes are associated with the
health threat of clinical isolates of enterococci (Moosa-
vian et al., 2018) and staphylococci (Bakeer et al., 2024).
These genera were also detected in this work, how-
ever, methicillin resistance gene (mecA), which is a
hallmark of methicillin-resistant staphylococci, was not
found, suggesting that samples studied here might not
be a serious risk of multi-drug-resistant bacteria. Prov-
idencia, Enterococcus, Morganella, and Klebsiella were
reported not only to be tetracycline-resistant but also
to be involved in the degradation of antibiotics (Pei et
al., 2023; Ruan et al., 2024). The relationship between
the composition of BSFL bacterial microbiota and the
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prevalence of ARGs is not straightforward (Cai et al,
2018; Liu et al., 2020). The transfer of ARGs from ARGs-
containing BSFL to BSFL-fed fish has already been
demonstrated (Milanovi¢ et al., 2021a). Thus, it is impor-
tant to control the spread of ARGs with BSFL products.

4 Conclusions

This work is a multifaceted investigation of microbial
safety in the industrial BSFL rearing on plant-based food
waste. We investigated for the first time the composi-
tion of the whole BSFL microbiota, viable counts, cul-
tivable bacteria isolation and identification, and abun-
dance of ARGs by investigating two BSFL life stages, two
BSFL thermal treatments, and frass in one study. Indus-
trial BSFL rearing on plant-based food waste resulted
in low bacterial diversity. Frass residues stood out with
the most diverse bacterial community and as the most
ARGs-rich product in the BSFL rearing process. Resis-
tance to tetracycline was the most detected throughout
the stages of BSFL rearing. Thermal treatment of BSFL
(freezing at —-20 °C and subsequent drying at 105 °C
for 2 hours) was sufficient to reach about 4 log CFU/g
viable counts to meet the highest available EU standards
for microbiological contamination of insects as food.
Isolated cultivable bacteria can provide beneficial and
pathogenic traits both to BSFL and consumers. In future
research, based on the results of this study, we can bet-
ter understand the roles of BSFL-associated bacteria by
investigating the properties of the isolated strains and
comparing the effects of post-harvesting treatments on
the microbial safety of BSFL. This work makes a valuable
contribution to the development of guidelines for BSFL
as a more widely used food and feed source by providing
comprehensive data on microbiological safety, includ-
ing ARGs, in the industrial BSFL-rearing process.
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