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Abstract: Insects offer a promising alternative source of protein to mitigate the environmental
consequences of conventional livestock farming. Larvae of the black soldier fly (Hermetia illucens;
Linnaeus, 1758) efficiently convert a variety of organic side streams and residues into valuable
proteins, lipids, and chitin. Here, we evaluated the suitability of two palm oil industry side streams—
empty fruit bunches (EFB) and palm kernel meal (PKM)—as larval feed, and their impact on the
larval gut microbiome. Among 69 fungal species we screened, Marasmius palmivorus, Irpex consors,
and Bjerkandera adusta achieved the fastest growth and lignin degradation, so these fungi were used
for the pretreatment of 7:3 mixtures of EFB and PKM. Larvae reared on the mixture pretreated with
B. adusta (BAD) developed significantly more quickly and reached a higher final weight than those
reared on the other pretreatments or the non-fermented reference (NFR). Amplicon sequencing of
the BAD and NFR groups revealed major differences in the larval gut microbiome. The NFR group
was dominated by facultatively anaerobic Enterobacteriaceae (typical of H. illucens larvae) whereas the
BAD group favored obligately anaerobic, cellulolytic bacteria (Ruminococcaceae and Lachnospiraceae).
We hypothesize that fungal lignin degradation led to an accumulation of mycelia and subsequent
cellulolytic breakdown of fiber residues, thus improving substrate digestibility.

Keywords: black soldier fly; palm oil; empty fruit bunches; palm kernel meal; sustainable insect feed;
amplicon sequencing; microbiome; fermentation; insect rearing; Bjerkandera adusta

1. Introduction

The larvae of the black soldier fly, Hermetia illucens (BSF; Linnaeus, 1758; Diptera:
Stratiomyidae), are polyphagous with a remarkably efficient feed conversion ratio, making
them suitable for the bioconversion of various animal and vegetable organic substrates
into valuable insect proteins and lipids [1–3]. BSF larvae can even utilize substrates with a
high microbial load, such as livestock manure, reducing the total dry matter and nitrogen
content by more than 50% [2,4]. BSF has a short lifecycle of 40–45 d, and can be farmed in
space-saving vertically stacked facilities with low technological requirements. BSF larvae
therefore offer a promising and sustainable alternative for soy protein in the feed sector,
helping to counter the slash and burn clearance of tropical forests. Since 2017, the European
Union has also authorized the use of seven insect species including BSF for aquaculture
feeding [5].

The versatility of BSF larvae is dependent on the gut microbiome [6,7]. For example,
the degradation of complex plant polymers, such as cellulose and lignin, would not be
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possible without associated microbes. The structure of bacterial and fungal communities
in the BSF larval gut is strongly affected by the feed substrate and its properties, but also
by extrinsic factors, such as rearing location, scale, or temperature [8–10]. In this context,
the diet-dependent expression of antimicrobial peptides—defense molecules of the insect
innate immune system—plays a key role in the regulation of gut microbial composition [11]
although there is also an omnipresent core community [7,8,12,13]. The feeding status
(especially periods of starvation) also influence the microbiome and its associated metabolic
functions, thus potentially disrupting larval growth and feed conversion efficiency [14].
However, the inoculation of poultry manure with companion bacteria was able to promote
larval development and is a promising biotechnological strategy to optimize growth peri-
ods [15]. In contrast to the bacterial community, little is known about the mycobiome of
BSF larvae. Fungi are important in the digestive capabilities of many insects, including cer-
ambycid beetle larvae, fungus-growing termites, and siricid woodwasps [16]. By secreting
a broad enzyme repertoire, fungi mediate many further processes such as the degradation
of toxic compounds and the production of bioactive substances, as previously reported in
BSF [17]. It is necessary to determine the fungal composition of the larval gut to evaluate
their hazard potential as an animal feedstock, given the ability of many fungi to synthesize
mycotoxins [18].

The growing worldwide demand for proteins and lipids contrasts with the inefficient
use of agro-industrial raw materials and the modern throwaway society. Large amounts
of underutilized organic material accumulate as side streams in many parts of the agri-
food industry, including palm oil production to meet the increasing demand for vegetable
oils [19]. In 2018, 71.5 million tons of crude palm oil was produced on an area of 18.9 million
ha [20]. The milling process and subsequent refining and fractionation steps produce side
streams and residues such as empty fruit bunches (EFB), palm kernel meal (PKM), as well
as sludge and mill effluents (POME), amounting to many millions of tons per year [21].
Although PKM is already used as an inexpensive dietary supplement for ruminants and
has been proposed as a sustainable option for BSF rearing [13,22], the utilization of EFB is
more challenging due to its high content of lignocellulose. For this reason, it has not been
used as a feed, and it is mostly burned so far. The upcycling of palm oil side streams by
fermentation and feeding them to insects has not been investigated so far.

The compact structure of lignocelluloses requires special enzyme systems that are ex-
clusively found in wood-degrading fungi. White-rot fungi representing the Basidiomycota
are particularly suitable for the depolymerization of lignocelluloses because they produce
enzyme cocktails that break down cellulose, hemicellulose, and lignin [23]. This makes
them excellent candidates for the pretreatment of lignocellulose-rich EFB by fermentation,
although feeding studies using EFB or mixtures of EFB and PKM have not been reported
thus far.

Here we investigated the suitability of fermentation as a pretreatment for mixtures of
EFB and PKM to improve digestibility, and the corresponding changes in BSF life-history
traits as well as diet-specific adaptations in the larval gut microbiome. Extensive screening
followed by feeding trials was carried out to find a suitable fungus for the fermentation
step. The bacterial and fungal communities in the feed, BSF larval guts, and frass were
then characterized by Illumina high-throughput sequencing of the 16S rRNA gene and the
fungal internal transcribed spacer (ITS) regions.

2. Materials and Methods
2.1. Fungal Screening and Substrate Preparation

The palm oil side streams were provided by PT Alternative Protein Indonesia (Tebet,
Indonesia). EFB was ground to powder (~1 mm particle size) in an SM 2000 cutting mill,
autoclaved and set to a moisture content of 60% (Retsch, Haan, Germany). For fungal
screening, 50 g of the powder was placed in 250 mL Erlenmeyer flasks before adding 3 mL
of homogenized liquid culture representing a particular fungus from the strain collection of
the Institute of Food Chemistry and Food Biotechnology (University of Giessen, Germany).
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Technical duplicates of 69 strains were incubated for 10 d at 30 ◦C in the dark. Fungal
growth and lignocellulose degradation were evaluated visually, with degradation revealed
by EFB bleaching [24].

For solid-state fermentation of the feed substrate, submerged cultures of the basid-
iomycetes Bjerkandera adusta, Irpex consors, and Marasmius palmivorus were processed in a
T25 digital Ultra-Turrax homogenizer (IKA, Staufen im Breisgau, Germany) at 10,000 rpm
for 30 s. An EFB + PKM mixture in the ratio of 7:3 was chosen because the side streams
arise in this ratio. We then inoculated 250 g of the EFB + PKM mixture (7:3 ratio) with 15 mL
of the corresponding fungal suspension in 2 L Erlenmeyer flasks (5% w/v) and incubated
the cultures for 28 d at 28 ◦C and 60% relative humidity in the dark. The corresponding
fermented feed was described as BAD (B. adusta fermented), ICO (I. consors fermented), or
MPA (M. palmivorus fermented), respectively. The unfermented EFB + PKM mixture was
used as the control (NFR). The feed was stored at −20 ◦C and thawed immediately before
use. Chicken feed (CF) was used as a positive control, as in previous studies [1,7,10,25,26].
We used GoldDott Eierglück chicken feed (Derby Spezialfutter, Muenster, Germany), which
was prepared by grinding in a Mockmill 200 grain mill (Wolfgang Mock, Otzberg, Germany)
to a particle size of 0.1–1.5 mm.

2.2. Insect Rearing

BSF were originally obtained from Bio.S Biogas (Grimma, Germany). The larvae were
maintained in 19.5 × 16.5 × 9.5 cm (l × w × h) plastic containers within a climate chamber
at 27 ± 1 ◦C, 65 ± 5% relative humidity, in constant darkness [7,27]. Adult flies were
kept in 60 × 60 × 90 cm (l × w × h) mesh cages (Bioform, Nuremberg, Germany) in a
greenhouse at 25± 1 ◦C, 40± 10% relative humidity, and a 12 h photoperiod. Water-soaked
paper towels provided drinking water ad libitum. Wooden board stacks held with rubber
bands served as an artificial oviposition system, as previously described [27]. We harvested
200 mg eggs per plastic container using a plastic spatula. The containers were sprayed
daily with water. Feed was added at 48 h intervals as soon as≥50% of the eggs had hatched.
To prevent contamination, disposable nitrile gloves were worn to handle and administer
the feed.

2.3. Developmental Parameters

All developmental parameters were recorded as biological triplicates for each diet
group. Data from the CF diet controls were recorded in collaboration with Tegtmeier and
colleagues, except for fertility and longevity-related data [7]. We placed 150 mg eggs in
three replicate containers per substrate to record the hatching time. Depending on the
feed, the larvae reached a manageable size (3–4 mm; instar L3) after 5–10 d, allowing
the analysis of growth curves. The mean larval weight was determined (at 48 h intervals
until ≥50% of the individuals reached the prepupal stage) by placing random specimens
(n = 25) on an AT261 DeltaRange analytical balance (Mettler, Giessen, Germany). The
distinction between larval instars was standardized based on the head capsule width and
the weight [28]. The survival rates of the larva-prepupa, prepupa-pupa, and pupa-imago
stages were determined in 19.5 × 16.5 × 9.5 cm (l × w × h) plastic containers with a
stocking density of 100 individuals. The transition between two developmental stages
was documented as soon as ≥50% of the population reached the next developmental
stage. We recorded the final weight (as above) and final length (using a VHX-2000 digital
microscope; Keyence, Osaka, Japan) of 50 L5 larvae, prepupae, pupae and 60 imagines).
Adult flies were collected within 24 h of emergence, inactivated by placing on ice and
stored at −20 ◦C before measurement. The sex of adult flies was determined according to
external dimorphisms, including antennal and genital structures [29].

Reproductive parameters were evaluated in 20 temporally synchronized pairs of adult
flies (within 24 h of emergence) in conical 8.4 × 8.4 × 11.4 cm (l × w × h) polypropylene
boxes in the greenhouse. Each pair was placed in its own box, which contained an artificial
oviposition system consisting of two stacked 4 × 4 cm wooden boards spaced and held in
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place by magnetic tape strips. A circular 4.5 cm mesh insert in the lid enabled gas exchange
and the daily provision of water by spraying. The adult lifespan and the deposition of
eggs were checked and documented daily. Fresh egg clutches were collected, weighed,
unclustered carefully using a metal spatula, and counted under an S9i stereomicroscope
(Leica Microsystems, Wetzlar, Germany).

2.4. 16S rRNA Gene and ITS Amplicon Sequencing

DNA samples and amplicon sequencing were prepared according to Tegtmeier et al. [7]
in order to compare the results to the amplicon data of BSF larvae reared on chicken feed
(standard diet for BSF rearing). Briefly, L5 larvae weighing 100–150 mg were collected
with spring steel tweezers. Frass samples were taken from three different vertical sites
and horizontal levels and pooled to cover a large proportion of the different microbes
colonizing the frass. Samples of the NFR and BAD feed were taken at three time points
during the feeding period and were also pooled. All samples were stored at −20 ◦C
before processing. The larvae were cleaned with sterile water and then surface sterilized
twice with 70% ethanol. To dissect the larval gut, the haemocoel was opened laterally
with microscissors and the gut was removed under a stereomicroscope using Dumont
(Montignez, Switzerland) No. 5 tweezers. Six single guts per diet as well as three replicates
of 100 mg of the corresponding feed and frass samples were disrupted by bead beating
in a FastPrep-24 (MP Biomedicals, Solon, OH, USA) for 90 s at 6.5 m·s−1. DNA was
isolated using the NucleoSpin soil kit (Macherey-Nagel, Düren, Germany) according to the
manufacturer’s specifications. The yield and purity of the DNA were determined using a
Take3 spectrophotometer (BioTek Instruments, Winooski, VT, USA).

Two-step PCR library preparation and amplicon sequencing were carried out by LGC
Genomics (Berlin, Germany) on the MiSeq V3 platform (Illumina, San Diego, CA, USA).
Primers U341F (5′-CCT AYG GGR BGC ASC AG-3′) and U806R (5′-GGA CTA CNN GGG
TAT CTA AT-3′) were used to amplify the 16S rRNA hypervariable V3–V4 region of bacteria
and archaea [30], whereas primers fITS7 (5′-GTG ART CAT CGA ATC TTT G-3′) and ITS4
(5′-TCC TCC GCT TAT TGA TAT GC-3′) were used to amplify the fungal ITS2 region [31,32].
We aimed for ~20,000 paired-end reads per sample with a read length of 300 bp. Samples
were multiplexed and pooled for sequencing. Demultiplexing and the clipping of adapters
and primers was carried out using bcl2fastq 2.17.1.14, followed by analysis with QIIME
2020.6 [33]. Only forward ITS sequencing reads were used, and the read-through adapters
and primers were removed using the cutadapt plugin [34]. The DADA2 plugin [35] was
used for combined error correction, quality control, filtering chimeric sequences, and the
creation of an ASV table showing the number of sequences for each ASV per sample.

Taxonomic classification was achieved using self-trained naïve Bayes classifiers based
on SILVA 132 [36] and UNITE 8.2 [37] QIIME-compatible releases with 99% sequence
identity for 16S and ITS, respectively. Reference data from SILVA were trimmed before
training to include only the 16S rRNA gene region amplified by the primers [38]. The
confidence for classification was 0.7 (16S) or 0.94 (ITS) as recommended [39]. Mitochondrial
and chloroplast sequences were discarded. Alpha diversity was calculated based on Faith’s
phylogenetic diversity [40] and observed ASVs. Rarefied data to equal sequencing depths
of 8819 (16S) and 12,846 (ITS) were used to evaluate beta diversity with UniFrac [41]
distance metrics.

We used discrete false-discovery rate (DS-FDR) to test for diet-dependent differential
abundance in gut samples [42]. We collapsed the classified ASVs at the species level to run
the test on log2-transformed data, testing for differences in mean values (p = 0.05, permuta-
tions = 1000) with the corresponding QIIME2 plugin. We screened for representatives of the
positively and negatively correlated taxa (based on DS-FDR) using the Integrated Microbial
Genomes Expert Review (IMG/ER) platform (https://img.jgi.doe.gov/cgi-bin/er/main.
cgi, accessed on 28 July 2021) [43], and selected 140 genomes of the 28 most positively
correlated taxa (highest p-value) as well as 140 genomes of the 28 most negatively correlated
taxa (lowest p-value). Only taxa that were classified to the family level were included.

https://img.jgi.doe.gov/cgi-bin/er/main.cgi
https://img.jgi.doe.gov/cgi-bin/er/main.cgi
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For taxa that were not classified to the genus level, only genomes of representatives with
≥91% sequence identity to the target sequence were included. The genomes were screened
for genes involved in cellulose degradation (endoglucanases EC 3.2.1.4, exoglucanases
EC 3.2.1.91 and β-glucosidases EC 3.2.1.21) using the KEGG Orthology (KO) database
implemented in IMG/ER [44].

2.5. Statistics

Statistical analysis and visualization were carried out using Excel 2016 (Microsoft,
Redmond, WA, USA) and R 4.1 [45] with the packages ggpubr, plyr, qiime2R, scales, and
tidyverse. Diet-dependent differences in the relative abundance of bacterial or fungal taxa
were determined using Student’s (homogeneous variance) or Welch’s (inhomogeneous
variance) t-test and an error level of α = 0.05 for statistical significance. The homogeneity
of variance was calculated with Levene’s test. Developmental parameters were compared
by one-way ANOVA and means were separated using the Bonferroni–Holm test [46]. Sex-
specific and total adult longevity were analyzed using the Kaplan–Meier estimation to
generate S(t) survival functions, which were compared pairwise by log rank tests at an error
level of α = 0.05 for statistical significance in OriginPro 2020b (OriginLab, Northampton,
MA, USA). For PERMANOVA [47], we grouped all samples combing feed (NFR, BAD)
and source (feed, gut, and frass) separately for 16S and ITS. We used the corresponding
unweighted UniFrac distance metric and tested pairwise on the six groups with 999 per-
mutations, with p-value correction for multiple tests based on the Benjamini–Hochberg
procedure [48].

3. Results
3.1. Fungal Screening and BSF Growth Performance

In order to identify a suitable fungus for the pretreatment of palm oil side streams,
we screened 69 strains, including 61 Basidiomycota and 8 Ascomycota. We found that
29 strains were unable to grow on EFB, and that Mycena pseudocorticola and Omphalotus
illudens achieved only weak growth. Members of the family Pleurotaceae showed compar-
atively fast growth, but the fastest-growing species were the white-rot fungi Marasmius
palmivorus, Irpex consors, and Bjerkandera adusta. Bleaching of the dark lignin also indicated
these three species and eight others (with Xylaria longipes representing the only ascomycete)
as putative candidates for the fermentation of palm oil side streams (Table 1).

Table 1. Fungal screening for growth 1 and lignin degradation 2 during the solid-state fermentation
of empty fruit bunches (EFB).

Phylum Class Order Family Species Growth Optical Lignin
Degradation

Ascomycota Leotiomycetes Helotiales Mollisiaceae Mollisia lividofusca - -
Mollisia pilosa - -

Sordariomycetes Glomerellales Plectosphaerellaceae Plectosphaerella sp. - -
Hypocreales Cordycipitaceae Isaria farinosa + -

Hypocreaceae Trichoderma longipile + -
Trichoderma minutisporum + -

Trichoderma polysporum + -
Xylariales Xylariaceae Xylaria longipes ++ +

Basidiomycota Agaricomycetes Agaricales Agaricaceae Coprinus comatus + -
Coprinus xanthothrix ++ +

Crepidotaceae Crepidotus sp. - -
Marasmiaceae Marasmius palmivorus +++ +
Mycenaceae Mycena pseudocorticola (−) -

Omphalotaceae Omphalotus illudens (−) -
Physalacriaceae Armillaria bulbosa + -



Sustainability 2022, 14, 5626 6 of 23

Table 1. Cont.

Phylum Class Order Family Species Growth Optical Lignin
Degradation

Armillaria gallica - -
Armillaria mellea - -

Armillaria tabescens - -
Pleurotaceae Pleurotus calyptratus + -

Pleurotus cornucopiae - -
Pleurotus eryngii + -

Pleurotus flabellatus ++ -
Pleurotus floridanus ++ +

Pleurotus ostreatus (POS1) ++ +
Pleurotus ostreatus (POS2) ++ +
Pleurotus ostreatus (POS3) + +
Pleurotus ostreatus (POS4) - -
Pleurotus ostreatus (POS5) + -

Pleurotus pulmonarius (PPU1) + -
Pleurotus pulmonarius (PPU2) + -
Pleurotus salmoneo-stramineus + -

Pleurotus sapidus ++ -
Psathyrellaceae Coprinellus flocculosus - -
Strophariaceae Agrocybe aegerita + -

Agrocybe perfecta - -
Hypholoma fasciculare - -

Pholiota lignicola - -
Auriculariales Auriculariaceae Auricularia mesenterica - -
Gloeophyllales Gloeophyllaceae Gloeophyllum trabeum + -

Hymenochaetales Hymenochaetaceae Inonotus dryadeus + -
Polyporales Fomitopsidaceae Fomitopsis pinicola - -

Laetiporus sulphureus - -
Piptoporus betulinus - -

Irpicaceae Irpex consors +++ +
Irpex vellereus ++ -

Meruliaceae Bjerkandera adusta +++ +
Ceriporiopsis rivulosa - -

Emmia lacerata + -
Phlebia radiata + -

Phanerochaetaceae Byssomerulius corium + -
Phanerochaete chrysosporium ++ +

Polyporaceae Dichomitus albidofuscus + -
Dichomitus campestris ++ -
Dichomitus squalens + -
Fomes fomentarius - -

Ganoderma lucidum - -
Ganoderma sp. - -

Lentinus crinitus - -
Lenzites betulinus + -
Microporus affinis + -

Pycnoporus cinnabarinus - -
Pycnoporus coccineus + -

Pycnoporus sanguineus - -
Trametes versicolor (TVE1) ++ +
Trametes versicolor (TVE2) - -

Sparassidaceae Sparassis crispa - -
Russulales Bondarzewiaceae Heterobasidion annosum - -

Peniophoraceae Peniophora lycii + -
Stereaceae Stereum sp. ++ -

1 Growth was categorized as follows: - none, (−) weak, + moderate, ++ good, and +++ excellent growth. 2 A
binary system was used to evaluate lignin degradation (- no, + yes).

Based on the initial screen, we used M. palmivorus, I. consors, and B. adusta to ferment
the EFB + PKM mixture (7:3 ratio). The corresponding fermented feed was described
as MPA, ICO, or BAD, respectively. We carried out comparative feeding studies in BSF
larvae using CF as a high-quality control and the untreated EFB + PKM mixture as a
low-quality standard diet, described as the non-fermented reference (NFR). The final larval
weight differed significantly between the diets, and larvae reared on CF were the heaviest
(F4,10 = 58.04; p < 0.002) (Figure 1). Neither MPA nor ICO led to an increase in larval weight
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compared to NFR, whereas larvae reared on the BAD diet were 25% heavier than their
NFR counterparts (F2,6 = 74.84; p = 0.042). All the diets influenced larval development.
CF resulted in the shortest developmental period, followed by BAD and ICO. However,
MPA extended the larval development phase to 79.0 d, approximately twice the duration
of the NFR larvae (F4,10 = 994.61; p < 0.0001). The larvae reared on the BAD diet developed
significantly faster than those in the NFR, MPA, and ICO groups (F3,8 = 848.13; p = 0.034).
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Figure 1. Growth curves of BSF larvae reared on chicken feed (CF), B. adusta (BAD), I. consors (ICO), or
M. palmivorus (MPA) fermented EFB + PKM (7:3) mixtures, as well as a corresponding non-fermented
reference (NFR). Data are mean larval weights (±SD) of three replicate boxes per diet (n = 25).

3.2. Life-History Traits

We also compared additional life-history traits between larvae raised on the standard
diets (CF, NFR) and the BAD diet. The time until ≥50% of the eggs hatched did not differ
between the diets. Larval development differed significantly between the diets, with CF
larvae reaching the prepupal stage first (Table 2). Larvae reared on the BAD diet developed
27% faster than their NFR counterparts (F2,6 = 136.50; p = 0.001). Prepupal and pupal devel-
opment (including metamorphosis) did not differ between the diet groups. However, the
total duration of development differed between the groups, being 19% quicker on the BAD
diet and 24% quicker on the CF diet compared to the NFR diet (F2,6 = 36.58; p < 0.004). The
same pattern was also observed for the total preoviposition period (F2,6 = 39.88; p < 0.002),
whereas no significant diet effect was found in the adult preoviposition period. Larvae
reared on the CF diet showed the highest larva-to-prepupa developmental success (100%),
differing significantly from the BAD diet (F2,6 = 8.10; p = 0.0001). In contrast, the prepupa-
to-pupa developmental success was 9% higher for larvae reared on the BAD diet compared
to those on the CF diet (F2,6 = 132.58; p = 0.0001). The proportion of adult flies emerging
from pupae was 97–100% in all feeding trials. Oviposition lasted 2–10 d. The longevity of
adult males (χ2 = 51.67; p < 0.0001), adult females (χ2 = 65.98; p < 0.0001), and all adults
(χ2 = 91.31; p < 0.0001) differed significantly between CF and both other diets. In general,
male adults lived longer than females in the same diet group (Table 2).
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Table 2. Diet-dependent temporal and physiological parameters of BSF throughout development. BSF
larvae were reared on chicken feed (CF), a non-fermented reference (NFR), or a B. adusta fermented
diet (BAD). Data are means ± SD. The transition between two developmental stages was defined
as when ≥50% of a population reached the next stage. Different letters (a–c) within a row indicate
statistically significant differences between diets (p < 0.05; one-way ANOVA; Kaplan–Meier estimator
for adult longevity).

Parameters Sampling Size CF 8 NFR BAD

Hatching time (d) ≥50% 3.0 ± 0.8 a 3.3 ± 0.5 a 3.0 ± 0.0 a

Larval development (d) 1 ≥50% 22.3 ± 0.5 a 41.3 ± 0.9 b 30.3 ± 1.7 c

Prepupa-pupa (d) n = 300 11.3 ± 1.7 a 8.0 ± 0.0 a 7.7 ± 1.3 a

Intrapuparial metamorphosis (d) 2 n = 300 10.7 ± 0.5 a 10.0 ± 0.8 a 9.7 ± 0.9 a

Adult preoviposition period (d) 3 n = 60 7.7 ± 0.8 a 9.6 ± 1.0 a 6.1 ± 1.0 a

Total preoviposition period (d) 4 n = 60 52.0 ± 2.0 a 69.0 ± 2.6 b 53.7 ± 1.6 a

Total development (d) 5 n = 300 47.3 ± 1.7 a 62.7 ± 1.9 b 50.7 ± 2.1 a

Oviposition period (d) n = 60 7.3 ± 2.1 a 4.0 ± 2.2 a 4.00 ± 0.8 a

Oviposition span (min-max d) n = 60 5–10 2–7 3–9
Successful development larva-prepupa (%) n = 300 100.0 ± 0.0 a 61.0 ± 16.8 ab 81.3 ± 1.0 b

Successful development prepupa-pupa (%) n = 300 90.7 ± 0.5 a 98.2 ± 0.5 b 99.5 ± 0.7 b

Successful development pupa-adult (%) n = 300 97.0 ± 2.4 a 98.7 ± 1.0 a 100.0 ± 0.0 a

Adult longevity (d)
♂ n = 60 17.7 ± 0.5 a 13.3 ± 0.5 b 13.0 ± 0.8 b

♀ n = 60 14.7 ± 0.2 a 11.7 ± 0.5 b 11.3 ± 0.5 b

total n = 120 16.2 ± 0.2 a 12.7 ± 0.5 b 12.0 ± 0.00 b

Adult longevity (min-max d) n = 120 4–25 7–24 5–19

Final larval weight (mg) n = 150 303.0 ± 13.6 a 149.3 ± 7.2 b 187.0 ± 16.7 c

Final larval length (mm) n = 150 26.0 ± 0.1 a 20.4 ± 0.1 b 22.6 ± 0.1 c

Weight prepupa (mg) n = 150 219.6 ± 18.7 a 130.3 ± 2.3 b 179.7 ± 2.7 c

Length prepupa (mm) n = 150 23.4 ± 0.1 a 19.0 ± 0.7 b 20.8 ± 0.1 c

Weight pupa (mg) n = 150 169.0 ± 10.7 a 121.0 ± 7.3 b 151.6 ± 4.9 ab

Length pupa (mm) n = 150 22.7 ± 0.1 a 20.1 ± 0.5 b 21.1 ± 0.3 ab

Weight adult (mg)
♂ n = 90 89.4 ± 8.5 a 67.6 ± 6.6 a 77.7 ± 2.9 a

♀ n = 90 103.6 ± 8.3 a 83.5 ± 10.4 a 94.9 ± 4.7 a

total n = 180 98.1 ± 8.0 a 75.5 ± 8.0 a 87.2 ± 2.3 a

Length adult (mm) 6
♂ n = 90 16.8 ± 0.3 a 15.2 ± 0.3 b 16.1 ± 0.1 a

♀ n = 90 17.5 ± 0.3 a 16.4 ± 0.7 b 17.3 ± 0.2 a

total n = 180 17.2 ± 0.2 a 15.8 ± 0.5 b 16.8 ± 0.1 a

Sex ratio (♀/♂) n = 180 1.5 ± 0.2 a 1.0 ± 0.2 a 1.3 ± 0.4 a

Fertility (egg clutches/10 females) n = 60 7.8 ± 0.9 a 1.4 ± 0.4 b 8.2 ± 0.9 a

Egg clutch size (eggs/clutch) n = 10 676.0 ± 59.6 a 259.9 ± 59.7 b 541.3 ± 59.1 c

Span of egg clutch size (min-max eggs) n = 10 548–763 172–334 375–589
Egg clutch weight (mg) n = 10 16.5 ± 3.8 a 4.6 ± 1.3 b 11.1 ± 1.3 c

Egg weight (mg/egg) 7 n = 10 0.024 ± 0.005 a 0.018 ± 0.002 a 0.021 ± 0.001 a

1 Period from hatching to ≥50% prepupae. 2 Period until ≥50% of adults emerged from pupae. 3 Period from
adult emerging to oviposition. 4 Period from hatching to oviposition. 5 Period from oviposition to adults emerging.
6 Determined as distance between cranial antennal attachments and abdominal genital structures. 7 Calculated by
dividing the clutch weight by the egg count. 8 Data for CF (except for fertility and longevity-related data) have
been published before [7] and are included here for comparison.

The final larval weight (F2,6 = 74.84; p < 0.04) and length (F2,400 = 672.70; p < 0.0001)
differed significantly between diets, with the largest and heaviest larvae reared on the CF
diet, followed by those reared on the BAD diet. The same profile for weight (F2,6 = 22.22;
p < 0.04) and length (F2,400 = 348.58; p < 0.0001) was observed at the prepupal stage. Larvae
reared on the CF diet produced pupae that were heavier (F2,6 = 13.26; p = 0.022) and
longer (F2,400 = 134.33; p < 0.0001) than NFR counterparts, but there was no statistically
significant difference between the CF and BAD diets. Neither the total adult weight
nor the sex-specific weight showed significant differences between the diets. The adult
males (F2,235 = 96.18; p < 0.0001), adult females (F2,310 = 53.97; p < 0.0001), and all adults
(F2,545 = 117.20; p < 0.0001) were shortest in the NFR group, but up to 11% longer in the CF
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group and up to 6% longer in the BAD group. In general, females were 16–24% heavier and
4–8% longer than the corresponding males, regardless of the diet. All dietary groups had
similar sex ratios, with a slight excess of females. The number of egg clutches deposited
per female was 5.9-fold higher in the BAD group compared to the NFR group, and even
exceeded the performance of the CF group (F2,6 = 55.86; p = 0.0005). Furthermore, the
egg clutch size in the BAD group was 2.1-fold higher than the NFR group (F2,27 = 114.63;
p < 0.0001), and the egg clutch weight was 2.4-fold higher than the NFR group (F2,27 = 74.36;
p < 0.0005), but in neither parameter did the BAD group outperform the CF group. We
observed no significant dietary impact on the weight of individual eggs.

3.3. Taxonomic Composition of the Bacterial Gut Microbiome

To identify differences in the bacterial and archaeal gut microbiome between larvae
fed on the BAD and NFR diets, we performed 16S rRNA gene sequencing on 24 samples
(six guts, three feed samples, and three frass samples per diet). We obtained 527,684 raw
read pairs, 406,803 of which remained after quality control and the removal of chimeric
sequences (8819–46,354 reads per sample). The mean read length was 421 bp after merging
forward and reverse reads. Rarefaction curves suggested a sufficient sequencing depth
(Figure 2).

Sustainability 2022, 14, 5626  10  of  25 
 

read pairs, 406,803 of which remained after quality control and the removal of chimeric 

sequences (8819–46,354 reads per sample). The mean read length was 421 bp after merging 

forward and reverse reads. Rarefaction curves suggested a sufficient sequencing depth 

(Figure 2). 

 

Figure 2. Rarefaction curves of Faith’s phylogenetic diversity (left) and amplicon sequence variants 

(right) showing  the alpha diversity of 16S rRNA gene and  ITS amplicon sequencing. Almost all 

samples of the non‐fermented reference (NFR) and B. adusta fermented diet (BAD) reach a plateau 

at ~9000 reads. Samples with a lower number of reads also reach the plateau. Greater sequencing 

depth would therefore not lead to an increase in taxonomic richness. Standard deviations are shown 

as bars. 

Data  processing  using DADA2,  followed  by  classification  using  our  self‐trained 

naïve Bayes classifier on SILVA 132 and  the removal of mitochondrial and chloroplast 

sequences resolved the dataset to 693 unique amplicon sequence variants (ASVs) across 

all 24  samples. All  the ASVs were assigned  to domain Bacteria  (i.e., no Archaea were 

found). We classified 621 of the 693 ASVs down to the genus level. Principal coordinates 

analysis  (PCoA) of weighted UniFrac distance metrics  indicated  that all  frass  samples 

from both diets clustered together with four gut samples from larvae reared on the NFR 

diet  (Figure  3A).  In  contrast,  unweighted  distances  indicated  differences  between  all 

sample groups. However, the unweighted distances revealed a higher similarity between 

gut samples  from  larvae  reared on  the BAD diet and  the corresponding  frass samples 

(Figure 3B). The BAD and NFR feed samples showed greater differences when comparing 

unweighted distances and smaller differences when comparing weighted distances. The 

Figure 2. Rarefaction curves of Faith’s phylogenetic diversity (left) and amplicon sequence variants
(right) showing the alpha diversity of 16S rRNA gene and ITS amplicon sequencing. Almost all
samples of the non-fermented reference (NFR) and B. adusta fermented diet (BAD) reach a plateau at
~9000 reads. Samples with a lower number of reads also reach the plateau. Greater sequencing depth
would therefore not lead to an increase in taxonomic richness. Standard deviations are shown as bars.
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Data processing using DADA2, followed by classification using our self-trained naïve
Bayes classifier on SILVA 132 and the removal of mitochondrial and chloroplast sequences
resolved the dataset to 693 unique amplicon sequence variants (ASVs) across all 24 samples.
All the ASVs were assigned to domain Bacteria (i.e., no Archaea were found). We classified
621 of the 693 ASVs down to the genus level. Principal coordinates analysis (PCoA) of
weighted UniFrac distance metrics indicated that all frass samples from both diets clustered
together with four gut samples from larvae reared on the NFR diet (Figure 3A). In contrast,
unweighted distances indicated differences between all sample groups. However, the
unweighted distances revealed a higher similarity between gut samples from larvae reared
on the BAD diet and the corresponding frass samples (Figure 3B). The BAD and NFR feed
samples showed greater differences when comparing unweighted distances and smaller
differences when comparing weighted distances. The feed and frass samples of both
diets showed little similarity, although the differences in the BAD group were greater
(Figure 3A,B).
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Figure 3. Principal coordinates analysis (PCoA) when comparing the microbiome between the non-
fermented reference (NFR) and B. adusta fermented diet (BAD) groups. (A,B) PCoA comparing the
bacterial communities based on weighted and unweighted UniFrac distance metrics. The sample
type is represented by symbols (feed, gut, and frass) and the dietary group affiliation by colors. The
symbol size represents Faith’s phylogenetic diversity (PD).

Bacteria were detected in all samples. The BAD feed almost exclusively contained
Bacillaceae (mostly Bacillus coagulans), with a relative abundance of 99.9%. The NFR feed was
more diverse, but was still dominated by Bacillaceae (48–54.3%), followed by Paenibacillaceae
(8.8–10.8%), Nocardiopsaceae (4–10.1%), Planococcaceae (5.3–6.1%), and Xanthomonadaceae
(3.9–5.7%) (Figure 4). In addition, all NFR feed samples contained seven low-abundance
families (0.4–2.3%): Pseudonocardiaceae, Streptomycetaceae, Leuconostocaceae, Staphylococ-
caceae, Streptosporangiaceae, Micromonosporaceae, and Thermomonosporaceae (Supplementary
Table S1). Whereas Bacillaceae were abundant in all diet samples, they were minor com-
ponents in the gut samples (2.7–4.7% in NFR and just ~0.07% in BAD gut samples). Ru-
minococcaceae was the predominant family (40.8–50.3%) in all BAD gut samples, although
it was not present in the BAD feed. Some members of the Ruminococcaceae were also
present at a lower relative abundance in all NFR feed (0.04–0.16%) and NFR gut samples
(0.6–8.4%), thus showing remarkable enrichment in the guts of larvae reared on the BAD
diet (p < 0.0001). Lachnospiraceae, Enterococcaceae, Rhizobiaceae, and Enterobacteriaceae were
core families in all gut samples, regardless of the diet. However, members of the first two
families were significantly enriched in BAD gut samples (p < 0.0002 and p = 0.001), whereas
family Rhizobiaceae was less abundant in BAD compared to NFR gut samples (p < 0.0002).
Enterobacteriaceae was the predominant family (39.7–68.4%) in all replicate NFR gut samples
(Figure 4). Most of the taxa identified in the BAD gut samples were not found in the
feed or their abundance was low. The family Chitinophagaceae (0.4–1.7%) was exclusively
detected in the NFR gut samples, whereas Beutenbergiaceae (2.1–3.9%) and Christensenellaceae
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(1.3–2.7%) were only found in BAD gut samples (Supplementary Table S1). Interestingly,
the family Actinomycetaceae was identified in all replicate gut samples of both diets, but
was completely absent in the corresponding feed and frass samples. However, the relative
abundance was significantly higher in the BAD gut samples (p < 0.0002).
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Figure 4. Heat map showing the family-level composition of the bacterial community characterized
by amplicon sequencing of the 16S rRNA gene. Samples (feed, gut, and frass) of the non-fermented
reference (NFR) and B. adusta fermented diet (BAD) groups are shown. Only the 38 most abundant
classified families are listed. Families without a suitable classification (uncultivated, undefined, and
not applicable) are excluded. The relative abundance (%) is shown as a color gradient that runs from
light gray through black to blue, the latter representing the highest abundance. White areas indicate
that the family was not detected in the sample.

We also found striking differences between the two diet groups at the genus level.
Klebsiella was the most prominent genus in all NFR gut samples (31.7–64.8%), but the
relative abundance fell to <3% in five of the six replicate BAD gut samples. Instead, Ru-
minococcaceae UCG-014, Ruminiclostridium 5, and Enterococcus were the dominant genera
in all six guts of larvae reared on the BAD diet, with a cumulative abundance of ≥50%
(Supplementary Figure S1, Supplementary Table S1). The majority of bacterial families
in BSF larval guts could also be found in frass samples, albeit with marked differences
in abundance. However, Sanguibacteraceae was only detected in the NFR frass and was
completely absent from gut samples. The bacterial community in all BAD frass sam-
ples was dominated by the Pseudomonadaceae (20–25.8%), Enterobacteriaceae (16.6–24.9%),
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Sphingobacteriaceae (14.9–16.8%), Sphingomonadaceae (8.1–16%), Lactobacillaceae (5.8–15.1%),
Flavobacteriaceae (5.7–6.4%), Burkholderiaceae (2.2–6.2%), and Rhizobiaceae (almost all Ochrobac-
trum; 3.3–4.6%), whereas NFR frass was dominated by Pseudomonadaceae (20.1–24.4%),
Sphingobacteriaceae (14.1–16.6%), Enterobacteriaceae (13.3–14.1%), Rhizobiaceae (12–12.8%),
Caulobacteriaceae (7.8–10%), Xanthomonadaceae (8.1–8.7%), and Burkholderiaceae (6.6–7.5%).
The frass samples of both diets showed a common intersection of predominantly rep-
resented families, albeit with pronounced differences in relative abundance. The most
prominent families in the BAD frass were either absent from the corresponding feed or
present at very low abundance in one or two replicate feed samples (0.009–0.038%). In
contrast, the most prominent families in the NFR frass were also detected in the feed, with
Caulobacteriaceae as the major exception (Supplementary Figure S1, Supplementary Table S1).
All NFR feed samples and most gut samples showed higher bacterial alpha diversity than
corresponding samples from the BAD group. BAD feed showed the lowest alpha diversity
as determined by Faith’s phylogenetic diversity and the observed ASVs (Figure 2 top row,
Figure 3A,B). A PERMANOVA revealed significant differences between the diet groups in
terms of the beta diversity of the bacterial gut community (Fpseudo = 18.00; padjust = 0.002).

3.4. Taxonomic Composition of the Fungal Gut Microbiome

The same samples discussed above were also used for ITS sequencing to compare
the composition of the fungal community in the BAD and NFR groups. The 24 samples
yielded 570,372 raw reads, which we reduced to 530,816 after quality control and trimming
(12,846–43,666 per sample). The read length was 186–273 bp. Rarefaction curves are shown
in Figure 2. We identified 167 unique ASVs across all 24 samples using DADA2. With a
minimum confidence of 0.94 for our self-trained naïve Bayes classifier based on UNITE 8.2,
we were able to classify 142 of those 167 unique ASVs to the genus level.

As discussed above for the bacterial community, PCoA indicated pronounced differ-
ences in the mycobiome between the BAD and NFR feed samples (Figure 5). Weighted
UniFrac distances suggested high similarity between gut and frass samples from the NFR
group and frass samples from the BAD group, whereas the unweighted PCoA showed
greater differences between these groups (Figure 5A,B). Individual gut samples from both
diet groups clustered closer together in the weighted UniFrac model than in the unweighted
model (Figure 5A). Interestingly, PCoA of unweighted UniFrac distances revealed substan-
tial interindividual differences between BAD feed samples (Figure 5B).
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Figure 5. Principal coordinates analysis (PCoA) when comparing the mycobiome between the non-
fermented reference (NFR) and B. adusta fermented diet (BAD) groups. (A,B) PCoA comparing the
fungal communities based on weighted and unweighted UniFrac distance metrics. The sample type is
represented by symbols (feed, gut, and frass) and the dietary group affiliation by colors. The symbol
size represents Faith’s phylogenetic diversity (PD).
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Fungi were detected in all samples of both diet groups. The BAD feed almost ex-
clusively featured Phanerochaetaceae (all B. adusta) with a relative abundance of 93.1–100%
(100% in two of three replicates). In one BAD feed replicate Trichosporonaceae were detected
with a relative abundance of 5.6%. As observed for the bacterial community, the diversity of
the fungal community was higher in NFR feed samples. This was anticipated because the
feed was inoculated solely with B. adusta after autoclaving. The NFR feed was dominated
by ascomycete families: Saccharomycetales family incertae sedis (mostly Candida tropicalis;
53.9–60.8%), Aspergillaceae (mostly Xeromyces; 14.5–21.8%), and Trichocomaceae (mostly Ther-
momyces; 9.3–11.2%) (Figure 6, Supplementary Figure S2). All NFR feed samples also
contained six low-abundance (0.04–1.2%) families: Debaryomycetaceae, Wallemiaceae, Agari-
caceae, Saccharomycopsidaceae, Rhizopodaceae, and Cladosporiaceae. The families Chaetomiaceae,
Sordariaceae, and Saccharomycetaceae were found in all NFR feed samples (0.1–1.1%) and in
at least one frass sample, but were completely absent from the guts of larvae reared on the
NFR diet. The members of all predominant families in samples of both feeds were only
weakly detected in the corresponding gut samples (0.3–3.1%) and frass samples (0.1–3.1%;
Aspergillaceae was identified in two of three replicates) (Supplementary Table S2).
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Figure 6. Heat map showing the family-level composition of the fungal community characterized
by ITS amplicon sequencing. Samples (feed, gut, and frass) of the non-fermented reference (NFR)
and B. adusta fermented diet (BAD) groups are shown. All 25 classified families are listed. Families
without a suitable classification (uncultivated, undefined, and not applicable) are excluded. The
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relative abundance (%) is shown as a color gradient that runs from light gray through black to blue,
the latter representing the highest abundance. White areas indicate that the family was not detected
in the sample.

Trichosporonaceae and Nectriaceae were identified in all gut samples, regardless of the
diet. A striking enrichment of the first family (entirely Trichosporon asahii) in all guts of
larvae reared on the NFR (91.6–95.6%) and BAD (57.9–63.8%) diets was observed, albeit
with diet-dependent significant differences in the relative abundance (p < 0.0001). Interest-
ingly, Trichosporonaceae was only weakly detected in a single replicate of NFR feed (0.16%).
In contrast to the NFR diet, the Nectriaceae (almost exclusively Fusarium) represented the
second most prominent family (34.6–41.2%; p < 0.0001) in the BAD gut samples, although
they were only found in one of three feed replicates (~1.1%). However, Nectriaceae was
also detected with low abundance in all NFR frass samples but was completely absent
in the corresponding feed. The majority of taxa detected in larval guts from the BAD
and NFR groups were present in at least one of the feed samples in an inverse relative
abundance (Figure 6, Supplementary Table S2). Trichocomaceae (1.5–2.3%), Aspergillaceae
(0.4–0.8%), and Plectosphaerellaceae (0.04–0.3% in five replicates) were exclusively detected
in the guts of larvae reared on the NFR diet, whereas the family Phanerochaetaceae (0.3–1.6%)
was only found in guts of larvae reared on the BAD diet. Most fungal families present
in the larval guts were also found in frass samples, albeit with marked differences in
abundance. The fungal community in all NFR frass samples was dominated by members
of the Trichosporonaceae (94.4–96.6%), followed by Saccharomycetales family incertae sedis
(mostly Candida; 1.6–3.1%), Trichocomaceae (all Thermomyces; 0.7–1.2%), Plectosphaerellaceae
(all Chordomyces; 0.2–0.3%), and Aspergillaceae (~0.2% in two replicates), whereas BAD frass
samples contained Trichosporonaceae (97.8–99.5%), Nectriaceae (0.3–1.5%), Phanerochaetaceae
(0.1–0.3%), and Saccharomycetales family incertae sedis (Diutina and Candida; 0.02–0.3%). The
frass samples of both diets showed a common intersection of predominantly represented
families, albeit with pronounced differences in their relative abundance (p = 0.032). The
larval consumption of BAD feed strongly reduced the relative abundance of the fermen-
tation strain B. adusta. The most prominent families in the BAD frass were identified
with comparable abundance in one replicate feed sample (except for Phanerochaetaceae and
Trichosporonaceae), whereas the most prominent families in the NFR frass, apart from Tri-
chosporonaceae, were detected with a higher abundance in all corresponding feed replicates
(Supplementary Figure S2, Supplementary Table S2). When larvae were reared on the NFR
diet, almost all gut and frass samples showed higher fungal alpha diversity compared
to the BAD diet. Faith’s phylogenetic diversity and the observed ASVs suggested the
highest alpha diversity for NFR feed (Figure 2 bottom row, Figure 5A,B). A PERMANOVA
revealed significant differences between the diet groups in the beta diversity of the fungal
gut community (Fpseudo = 35.17; padjust = 0.001).

4. Discussion
4.1. Rationale for the Pretreatment of Palm Oil Side Streams

BSF larvae do not naturally specialize on lignocellulose degradation in the same man-
ner as termites and other xylophagous species. Lignin in the BSF diet is predominantly
metabolized by fungi, which secrete extracellular laccases and peroxidases for this pur-
pose, although there is evidence that some bacteria also facilitate lignocellulose utilization.
Nevertheless, the efficiency and capacity of fungi appears higher, as indicated by the sym-
biosis of several fungus-growing termite (subfamily Macrotermitinae) and ant (tribe Attini)
species [49]. Termites that do not cultivate fungi promote the digestion of lignocellulose
by deploying mechanical processes, such as initial grinding of plant material with their
mandibles and subsequent ball-milling in the gizzard to facilitate chemical and enzymatic
digestion [50,51]. Endogenous enzymes such as phenol-oxidizing laccases from the salivary
glands, as described for Reticulitermes flavipes (Kollar, 1837; Blattodea: Rhinotermitidae), can
modify lignocelluloses and increase accessibility for glycoside hydrolases [52]. The chem-
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ical oxidation of lignin by hydroxyl radicals originating from the Fenton reaction is also
possible in the foregut. In addition, the alkaline pH of the anterior hindgut compartment
promotes autoxidation, which cleaves lignin-carbohydrate complexes [51]. Comparable
physiological adaptations are not present in BSF larvae. Therefore, the lignocellulose-rich
diet was pretreated by fermentation with a lignin-degrading fungus and we investigated
its effects on BSF development and the microbiome of the feed, gut and frass.

4.2. Pretreatment by Fermentation Influences BSF Life-History Traits

This is the first study exploring the growth and development of insects reared on
fermented side streams from the palm oil industry. We were able to rear BSF larvae on
non-fermented and fermented diets consisting of the palm oil side streams EFB and PKM.
Both diets seemed to be sufficient for the full development of flies at the laboratory scale,
albeit with significant temporal and physiological differences. Fermentation with the white-
rot fungus B. adusta, resulting in the BAD diet, promoted faster larval development and
thus achieved a significantly shorter life cycle, which would allow earlier harvesting in
an industrial process. In addition, L5 larvae fed on the BAD diet reached a 25% higher
final larval weight. Similar weight gain (~30%) and developmental acceleration (up to 10%)
were reported when inoculating poultry manure with companion Bacillus subtilis [15]. In
addition, feed supplemented with BSF-associated Bacillus licheniformis HI169 improved the
growth rate and final larval weight compared to untreated controls [53]. Our observations
may reflect both the direct and indirect effects of pretreatment. White-rot fungi are suitable
for the degradation of agro-industrial side streams because they are naturally adapted
to degrade plant material rich in lignocelluloses by secreting exoenzymes, enabling their
saprophytic lifestyle [54,55]. The enrichment of fungal biomass and depolymerized ligno-
cellulose components may have increased the digestibility of the feed and hence nutrient
accessibility, explaining the positive effect on the development and reproduction of adult
flies. On the other hand, we were able to identify a clear shift in the bacterial and fungal
gut community associated with fermentation. Although the relative abundance of B. adusta
was almost 100% in the BAD feed, this species was clearly unable to colonize the gut of
the BSF larvae. Instead, it was outcompeted by other taxa, as discussed later. However,
B. adusta may have broken up rough structural motifs of the lignocellulose in the feed and
created a suitable medium for colonization by cellulose-degrading microbes forming the
gut microbiome, supporting mutualistic interactions [56–58]. In addition to the provision of
metabolites or protection against pathogens, symbionts intervene in the feed repertoire of
insects to facilitate the utilization of nutritionally unfavorable substrates [59]. Cooperation
with bacteria, filamentous fungi, yeast and protozoa contributes to the digestion of plant
biomass in phytophagous insects, strongly influencing their development [60,61]. Such
cooperation takes many forms, including obligatory intracellular relationships in aphids
and other sap-feeding insects, gut-associated communities in beetles and wood bees, and
specialized dependent relationships in fungus-cultivating termites, such as Macrotermes
annandalei (Silvestri, 1914; Blattodea: Termitidae), with an extra-gastrointestinal myco-
biome [59,62].

BSF prepupae do not feed, so the fat body acquired during larval development
normally serves as an energy reserve, influencing metamorphosis and adult life-history
traits [28,63]. Accordingly, low energy reserves in the NFR larvae may explain the nega-
tive effect on reproduction and low fertility, including lower egg clutch size and weight
compared to the BAD diet. As an alternative to the fat body, females may also reabsorb
oocytes and metabolize them to maintain respiration, which would reduce the egg clutch
size [64]. Differences in reproductive success may also reflect microbe–insect interactions.
In BSF, oviposition is mediated by bacteria in a conspecific manner [65]. Other dipteran
species, including Aedes aegypti (Linnaeus, 1762; Diptera: Culicidae), also recognize specific
bacterial compositions, indicating appropriate conditions for egg development and depo-
sition [66]. Bacillus species isolated from BSF eggs reduced the ovipositional response of
adult females by more than 50% when added to artificial egg traps [65]. Bacillus was an
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abundant genus in both diets: 28.5–33% (NFR) and ≥99.8% (BAD). However, there were
pronounced differences between the Bacillus species in the BAD and NFR groups. We found
that ~68% of the reads in the BAD feed represented B. coagulans, whereas the NFR feed
contained a more even distribution of Bacillus species, with B. clausii predominant at ~6%
relative abundance (also found in all corresponding gut samples). It is possible that some
of these species inhibited oviposition in the NFR group, resulting in fewer egg clutches.
Moreover, the microbial community of the NFR feed probably features a higher bacterial
load than the BAD feed because only the latter was autoclaved. Gut microbes are known to
influence the behavior of several insects. In Drosophila species (Diptera: Drosophilidae),
food-induced biases in adult mating behavior were prevented by antibiotic supplements,
presumably by inhibiting the growth of sex pheromone-producing bacteria like Lactobacillus
plantarum [67]. Such microbially-regulated hormonal changes may also affect BSF mating.
It is not clear to what extent fungi play a role in this context. However, fungi can also
modify insect host behavior, as shown by various entomopathogenic members of the order
Entomophthorales [68].

4.3. Analysis of the Bacterial Communities Associated with BSF

Amplicon sequencing revealed major differences in the microbial communities of the
NFR and BAD samples, probably reflecting the pretreatment of the feed. However, we also
identified a potential BSF larval core microbiome present in all replicates of both diet groups,
including the families Enterobacteriaceae, Enterococcaceae, Actinomycetaceae, Lachnospiraceae,
and Ruminococcaceae.

Enterobacteriaceae, Enterococcaceae and Actinomycetaceae have already been recognized as
core families in previous studies [7,69] and are prominent members in the guts of BSF larvae
reared on chicken feed [7]. Furthermore, representatives of the families Lachnospiraceae and
Ruminococcaceae are frequently found in BSF larval guts [9,69], although not in all samples,
and the relative abundance of the Ruminococcaceae was low [7]. Our study is the first to
demonstrate the significant enrichment of Ruminococcaceae (44–50% relative abundance)
in the guts of BSF larvae due to dietary adaptations. Furthermore, Lachnospiraceae and
Actinomycetaceae were significantly enriched in larvae reared on the BAD diet, indicating
that pretreatment favored these groups. Lachnospiraceae and Ruminococcaceae are obligate
anaerobic gut-associated families known for their ability to break down cellulose [70,71].
Therefore, whereas the NFR larval gut was dominated by the facultatively anaerobic
Enterobacteriaceae, typically one of the most prominent families in BSF larvae [7,10,69,72],
fermentation with B. adusta clearly resulted in a shift towards obligate anaerobic and
cellulolytic bacteria.

Only a single draft genome sequence is available for B. adusta (IMG genome ID
2761201615), so we cannot fully evaluate its role in cellulose degradation. However,
B. adusta is known to degrade gelatin, chitin, starch, pectin, tributyrin, and carboxymethyl-
cellulose, but not fibrous cellulose, such as filter paper [73]. Therefore, we can assume
that lignin, but not fibrous cellulose, was degraded during the pretreatment of EFB-PKM.
The degradation of fiber-rich material by bacteria is largely restricted to biomass with a
low lignin content [74], so lignin degradation by B. adusta probably facilitated subsequent
anaerobic degradation of the remaining fibrous structures by cellulolytic bacteria in the
gut. Once lignin is degraded, bacteria can attack cellulose and hemicellulose with multiple
carbohydrate-active enzymes (CAZymes). Endoglucanases cleave cellulose chains inter-
nally, mainly from the amorphous region, and the released units are further degraded by
exoglucanases (cellobiohydrolases) and β-glucosidases. Exoglucanases cleave cellobiose
from the end of the polysaccharide chains, and these are subsequently hydrolyzed by β-
glucosidases to produce glucose monomers [75]. Endoglucanase and β-glucosidase genes
are more abundant in the taxa that were positively correlated with the BAD group, support-
ing the shift toward a cellulolytic community. Members of the families Ruminococcaceae (e.g.,
Ruminiclostridium and Ruminococcaceae UCG-014) and Lachnospiraceae (e.g., Anaerocolumna,
Anaerosporobacter, and Lachnoclostridium) contained the largest complement of cellulose
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degradation genes (Figure 7). The genera Actinomyces and Salana as well as the [Eubac-
terium] fissicatena group were also positively correlated with the larvae reared on the BAD
diet and contained a large set of β-glucosidase genes, but none encoding endoglucanases
(Supplementary Table S3).
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Figure 7. Sum of genes involved in cellulose degradation (endoglucanases EC 3.2.1.4 and β-
glucosidases EC 3.2.1.21) found in the genomes of representatives of the 28 most positively and
28 most negatively correlated taxa (5 genomes per taxon) present in BSF larval guts based on the
discrete false-discovery rate (DS-FDR). No genes for exoglucanases (EC: 3.2.1.91) were found. For
better illustration, the raw data (Table S3) were transformed by multiplying all values by −1.

Fungal fermentation not only led to lignin degradation and more accessible cellulose
in the feed, but probably also lowered the redox potential and created anaerobic conditions.
The ingested anaerobic feed substrate may have therefore promoted colonization by obligate
anaerobes of the families Lachnospiraceae and Ruminococcaceae, which require negative redox
potential for energy metabolism in the gut [76].
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The families Rhizobiaceae, Sphingobacteriaceae, Bacillaceae, and Paenibacillaceae were posi-
tively correlated with larvae in the NFR group. BSF larvae may acquire members of these
families during feeding, given their presence in all replicate NFR feed samples. Although
these families primarily feature soil/plant-associated species [77–79] the physiochemical
conditions in the BSF larval gut nevertheless appear suitable. In contrast, soil/plant-
associated microbes were rare in the BAD samples, which was anticipated because the
EFB-PKM diet was autoclaved before fermentation. The BAD diet is probably not the major
source of bacterial inoculation. Instead, Ruminococcaceae and Lachnospiraceae may be taken
up from the eggs or the rearing environment. For example, Lachnospiraceae have been de-
tected in egg samples with a relative abundance of ~11% [72]. The families Lachnospiraceae
and Ruminococcaceae feature many spore-forming genera [80,81] and were present in all
frass samples in this study and in a previous study [7], suggesting they survive on the
pupal surface and are subsequently associated with the flies and their eggs.

Lachnospiraceae and Ruminococcaceae species produce hydrogen during the anaerobic
breakdown of cellulose and associated fermentation processes [82]. Such conditions would
support colonization by hydrogenotrophic methanogenic archaea, as previously reported
in termites and cockroaches [83], but none of the ASVs was assigned to the domain Ar-
chaea. In previous studies, methanogenic archaea have been shown to be absent from BSF
larval guts [7], present at a low relative abundance [12], or present at a high relative abun-
dance [14]. Other studies have shown that methane emission from BSF farms is generally
low and can vary between locations and feeding strategies [84–86]. Therefore, the growth
of methanogenic archaea in the BSF larval gut and frass should be investigated in more
detail when new feed sources are tested. Our data suggest that BSF larvae reared on NFR
or BAD diets do not produce methane, which would be climate-friendly in the context of
large-scale insect farming.

4.4. Analysis of the Fungal Communities Associated with BSF

Whereas the bacterial community in BSF larvae has been studied intensively over
the last decade, the composition and function of the fungal community has been largely
overlooked. We found that Trichosporon asahii (Trichosporonaceae) was dominant in all gut
and frass samples regardless of the diet, in agreement with earlier reports [7,8], indicating
that this yeast is closely associated with BSF larvae and is probably a core species. However,
although the fungal microbiome in the NFR group was almost exclusively composed of
T. asahii (92–96% relative abundance), the BAD group was additionally colonized with
Fusarium species (35–41%), which were not detected in the NFR group nor in BSF larvae
reared on chicken feed [7]. As discussed for the bacterial community, cellulose-degrading
fungi may be favored by the fermented diet. Although the genus Fusarium includes several
entomopathogenic species [87], larval growth performance was clearly not affected by
the presence of Fusarium (not assigned to species level). And given that some Fusarium
species can break down cellulose [88,89], the presence of these fungi may even boost growth
performance by promoting more efficient digestion of the feed.

When new feed substrates are introduced, they must be evaluated for potentially
hazardous microorganisms such as mycotoxin-producing fungi. The family Aspergillaceae,
which produces aflatoxins and gliotoxins [90], was present at a high relative abundance
in the NFR diet, but not in the guts of larvae in the NFR group. BSF does not accumulate
aflatoxin B1 [91], but the monitoring of farmed BSF larvae for the accumulation of other
mycotoxins would be a wise precaution. The same applies to Fusarium species, which
synthesize a wide variety of mycotoxins [92] and were relatively abundant (>34%) in all
larvae in the BAD group. Fusarium species are known to produce trichothecenes, such as
deoxynivalenol, although species-dependent and strain-specific variations in metabolic
profiles have already been described [93].
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5. Conclusions

The palm oil industry produces millions of tons of waste biomass annually, which is
usually incinerated [94]. Therefore, the bioconversion of these residues into insect protein
and lipids can contribute to an environmentally sustainable circular economy with high
added value.

We have shown that BSF larvae can be reared on palm oil side streams. The pretreat-
ment of the EFB-PKM mixture by fermentation with B. adusta accelerated development
and simultaneously enhanced larval weight compared to the untreated control diet. These
observations can be explained by the increase in digestibility through the depolymerization
of lignocellulose, the accumulation of fungal mycelia as a potential nutrient source, and
the shift to a predominantly anaerobic microbial gut community which subsequently de-
grades cellulose. Our protocol for the fermentation of EFB and PKM therefore represents a
promising approach for the efficient bioconversion of high-fiber side streams by BSF larvae,
allowing the production of valuable insect protein that reduces environmental pollution.

6. Patents

Klüber P, Zorn H, Rühl M, Bakonyi D, Pfeiffer J, and Vilcinskas A. Process for the
production of an insect substrate, insect substrate and uses thereof. Application number
EP22152265.9.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/xxx/s1, Figure S1: Heat map showing the genus-level composition of the bacterial
community characterized by amplicon sequencing of the 16S rRNA gene. Samples (feed, gut, and
frass) of the non-fermented reference (NFR) and B. adusta fermented diet (BAD) groups are shown.
Only the 38 most abundant classified genera are listed. Genera without a suitable classification
(uncultivated, undefined, and not applicable) are excluded. The relative abundance (%) is shown as
a color gradient that runs from light gray through black to blue, the latter representing the highest
abundance. White areas indicate that the genus was not detected in the sample; Figure S2: Heat
map showing the genus-level composition of the fungal community characterized by ITS amplicon
sequencing. Samples (feed, gut, and frass) of the non-fermented reference (NFR) and B. adusta
fermented diet (BAD) groups are shown. Only the 38 most abundant genera are listed. Genera
without a suitable classification (uncultivated, undefined, and not applicable) are excluded. The
relative abundance (%) is shown as a color gradient that runs from light gray through black to
blue, the latter representing the highest abundance. White areas indicate that the genus was not
detected in the sample; Table S1: Interactive spreadsheet showing the detailed composition of
the bacterial community in the feed, BSF larval gut, and frass when larvae were reared on a non-
fermented reference (NFR) diet or a B. adusta fermented (BAD) diet. Data are based on 16S rRNA
gene sequencing and show the relative abundances of ASV counts at different taxonomic levels. The
categories on the left allow switching between different taxonomic levels (2 = Phylum; 3 = Class;
4 = Order; 5 = Family; 6 = Genus; and 7 = Species); Table S2: Interactive spreadsheet showing the
detailed composition of the fungal community composition in the feed, BSF larval guts, and frass
when larvae were reared on a non-fermented reference (NFR) diet or a B. adusta fermented (BAD)
diet. Data are based on ITS sequencing and show the relative abundances of ASV counts at different
taxonomic levels. The categories on the left allow switching between different taxonomic levels
(2 = Phylum; 3 = Class; 4 = Order; 5 = Family; 6 = Genus; and 7 = Species); Table S3: Number of genes
involved in cellulose degradation (endoglucanases EC 3.2.1.4 and β-glucosidases EC 3.2.1.21) in the
genomes of representatives of the 28 most positively and 28 most negatively correlated taxa found in
BSF larval guts based on the discrete false-discovery rate (DS-FDR). Only genomes of representatives
which show ≥91% sequence identity to the target sequence are included. Taxa that are not classified
up to the family level are excluded.
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