www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Degradation of edible mushroom
waste by Hermetia illucens L.

and consequent adaptation of its
gut microbiota

Linhui Lai%%%5, Yaohang Long%3“%6, Meng Luo%3%%¢, Bo Tu%3*, Zailin Wu?3*, Jinling Liu%3*,
Zhixian Wan?%3*, Guangyin Wang?>3*, Xianyi Wang?**** & Hongmei Liu234*

The edible fungus industry is one of the pillar industries in the Yunnan-Guizhou Plateau, China.

The expansion of the planting scale has led to the release of various mushroom residues, such as
mushroom feet, and other wastes, which are not treated adequately, resulting in environmental
pollution. This study investigated the ability of black soldier fly (Hermetia illucens L.) larvae (BSFL)

to degrade mushroom waste. Moreover, this study analyzed changes in the intestinal bacterial
community and gene expression of BSFL after feeding on mushroom waste. Under identical feeding
conditions, the remaining amount of mushroom waste in Pleurotus ostreatus treatment group was
reduced by 18.66%, whereas that in Flammulina velutipes treatment group was increased by 31.08%.
Regarding gut microbial diversity, compared with wheat bran-treated control group, Dysgonomonas,
Providencia, Enterococcus, Pseudochrobactrum, Actinomyces, Morganella, Ochrobactrum, Raoultella,
and Ignatzschineria were the most abundant bacteria in the midgut of BSFL in F. velutipes treatment
group. Furthermore, Dysgonomonas, Campylobacter, Providencia, Ignatzschineria, Actinomyces,
Enterococcus, Morganella, Raoultella, and Pseudochrobactrum were the most abundant bacteria

in the midgut of BSFL in P. ostreatus treatment group. Compared with wheat bran-treated control
group, 501 upregulated and 285 downregulated genes were identified in F. velutipes treatment group,
whereas 211 upregulated and 43 downregulated genes were identified in P. ostreatus treatment
group. Using Kyoto Encyclopedia of Genes and Genomes and Gene Ontology enrichment analyses,
we identified 14 differentially expressed genes (DEGs) related to amino sugar and nucleotide sugar
metabolism in F. velutipes treatment group, followed by 12 DEGs related to protein digestion and
absorption. Moreover, in P. ostreatus treatment group, two DEGs were detected for fructose and
mannose metabolism, and two were noted for fatty acid metabolism. These results indicate that
feeding on edible mushroom waste can alter the intestinal microbial community structure of BSFL;
moreover, the larval intestine can generate a corresponding feedback. These changes contribute

to the degradation of edible mushroom waste by BSFL and provide a reference for treating edible
mushroom waste using BSFL.

Keywords Hermetia illucens, Edible fungi, Mushroom waste, Intestinal microenvironment

During the process of cultivation, edible fungi produce waste products such as fungus bran and mushroom waste,
which lead to huge amounts of waste and ultimately environmental pollution. Currently, treatment of fungus bran
is a relatively mature technology, whereas the rational use of mushroom waste remains relatively insufficient. The
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term “edible mushroom waste” includes the waste corresponding to edible fungus roots and the small amount of
fungus bran present at the base of edible fungus stalks (1-3 cm)'. During the cultivation of Flammulina velutipes
alone, China produces 100,000 tons of dry waste annually?. In addition to dietary fiber, edible mushroom waste
contain proteins, polysaccharides, and other important nutrients. Currently, mushroom waste are mainly treated
via incineration or landfill. Occasionally, they are also used as fertilizers; however, their overall utilization level
is low”. The use of resource-based invertebrates or insects is a new approach that has recently been reported for
treating edible mushroom waste. A previous study explored the manner in which earthworms recycle organic
waste from the soil of edible fungi and transform it into compost for crop cultivation. Another study reported
the use of edible mushroom residue to feed gurb and achieve waste recycling’. The black soldier fly Hermetia
illucens L. (Diptera: Stratiomyidae), an omnivorous saprophytic insect that can degrade mushroom waste, is an
important resource insect; however, its specific degradation ability remains unclear.

The black soldier fly has a short life cycle and is easy to breed and grow®’. Black soldier fly larvae (BSFL) can
convert organic waste such as food waste® into larval biomass that is rich in proteins and lipids®~', which can be
used as feed addition in poultry and fishery industries. The resulting insect sand is also an excellent nitrogen-
rich organic fertilizer''~'?, which has attracted worldwide attention, resulting in the large-scale breeding of this
insect'*!>. Concomitantly, the BSFL feeding activities have significantly reduced a large amount of organic waste
and environmental pollutants'®'”. The digestion and degradation abilities of BSFL are mainly attributable to
larval intestinal and intestinal microorganisms'®. In the gut of BSFL, enzyme-producing bacteria participate in
the conversion and utilization of nutrients by the host; moreover, bacteria possessing the ability to decompose
organophosphorus have been isolated from the gut of BSFL', and microbiota with digestive enzyme activities,
such as protease?, lipase?', and amylase? activities, have been detected in the midgut of the insect. Previous
studies have shown that the feeding medium of insects can affect their growth rate and nutrient content?**.
Furthermore, a study revealed that different dietary structures can alter the intestinal bacterial composition
of BSFL, thus ensuring that it can adapt to dietary changes, meet the nutritional intake of different foods, and
increase the adaptability of BSFL to the environment?.

This study aimed to explore the ability of BSFL to degrade mushroom waste, which are easy to digest for
humans and difficult to digest as research objects. In this study, Pleurotus ostreatus, which is easy to digest for
humans, and F. velutipes, which is difficult to digest, were selected as the research objects to explore the ability
of BSFL to degrade mushroom waste. BSFL fed with the mushroom waste of . velutipes and Pleurotus ostreatus
were compared with wheat bran-treated control group to calculate the forage of each BSFL group after feeding
on mushroom waste. Intestinal microbial diversity analysis and intestinal transcriptome sequencing technology
were used to explore changes in intestinal microbial community structure and function in different treatment
groups at the microbial community level. Moreover, this study explored changes in intestinal gene expression at
the transcriptome level. Our results provide a new reference for the degradation of mushroom waste and propose
an approach for reducing environmental pollution caused by agricultural waste.

Materials and methods

Source of the tested insect and mushrooms

The BSFL used in this study were obtained from a colony reared at the Industrial Research Group, College of
Biology and Engineering. The BSFL were reared under controlled environmental conditions (T=28 °C+1 °C,
relative humidity [RH] =70% + 10%) until the 5th-instar larval stage and were used as the insect source in this
study. The mushroom waste used in this study were obtained from the canteen of Guizhou Medical University
and were selected as the experimental material.

Treatment of mushroom waste with 5th-instar BSFL

The experimental group was divided into nine parallel groups, as follows: three groups each for treatment with
E velutipes, P. ostreatus, and wheat bran (which was used as the control). Each parallel group was weighed to
ensure that it contained 105 g of BSFL with a similar body size. The BSFL used weighs about 0.105 g each and
has a body length of 12-19 mm. Subsequently, the three parallel groups were incubated with 750 g of F. velutipes
mushroom waste, three parallel groups were incubated with 750 g of P. ostreatus mushroom waste, and the
remaining three parallel groups were incubated with 750 g of wheat bran. Nine additional parallel groups were
set up that contained only equal amounts of mushroom waste and wheat bran, without BSFL, as a control group,
and were incubated at a feeding temperature of 25-28 °C and humidity of 70-75%. After 5 days of treatment, the
amount of remaining edible mushroom waste and quality of wheat bran were recorded. BSFL was also raised in
the same way from the 4th-instar stage, and after 12 days of treatment, the intestine and intestinal contents were
separated for total DNA extraction, intestinal bacterial library construction, and sequencing.

We collected 5th-instar BSFL with consistent size and health status, rinsed them with sterile water for 30 s,
disinfected the body surface with 75% alcohol, and finally washed away the residual alcohol from the body surface
using sterile water. Under aseptic conditions, we sliced open the body surface of the larvae from the side, care-
fully removed the intact intestinal tract, and cut off the midgut. We removed the intestinal contents and collected
them in 2-mL sterile centrifuge tubes. The intestinal contents of 30 BSFL were placed in each collection tube, and
3 tubes were prepared for each treatment group. We used PowerSoil” DNA Isolation kit to extract DNA. After
quality control, we used Solexa PCR library preparation kit to construct a gene library and sequenced the gene
library using the PacBio Sequel sequencing platform.
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Operational taxonomic unit (OTU) clustering, diversity analysis, and functional analysis of
intestinal bacterial communities

Usearch software was used to cluster the sequencing reads at a similarity level of 97.0% and obtain the OTU
sequence. Using SILVA as a reference database, a naive Bayesian classifier combined with alignment methods was
employed to perform taxonomic annotation of the characteristic sequences. QIIME software was used to generate
species abundance tables at different taxonomic levels, and R language tools were employed to construct com-
munity structure diagrams at each taxonomic level of the samples. Moreover, QIIME2 software was employed to
evaluate the a-diversity index of the samples, including bacterial abundance indexes (Chao and Ace) and bacterial
diversity indexes (Shannon and Simpson) for each sample. Subsequently, corresponding dilution curves were
constructed to determine whether the sequencing yield was adequate to cover all taxa. Using QIIME software
for B-diversity analysis, the similarity of species diversity was compared among different samples via principal
component analysis and principal coordinate analysis (PCoA), NMDS, UPGMA, sample clustering heatmap, and
Anosim analyses. After the completion of OT'U sequence species annotation, the results were directly or indirectly
mapped to the related Kyoto Encyclopedia of Genes and Genomes (KEGG)-annotated microbial genomes. The
results were further combined with the annotated bacterial abundance of the samples, 16S rRNA gene copy
number in the genomes, and functional genes (using KEGG Ortholog, KO representation) to obtain functional
gene data and abundance of several known bacteria in the samples. Furthermore, the diversity and metabolic
pathways of intestinal bacteria were analyzed in the samples fed with edible mushroom waste and wheat bran,
along with analysis of the enzymes involved in the consumption of edible mushroom waste.

Isolation and identification of extracellular enzyme-producing bacteria in the midgut of BSFL
The midgut of BSFL was collected and rinsed with sterile water for 30 s, and phosphate-buffered saline was added
for sample grinding. The grinding liquid suspensions was spread on a plate, and the purification process was
repeated via streaking until a single colony appeared on the plate. Next, a single colony from LB liquid medium
was picked up and incubated at 37 °C until the bacterial solution became cloudy. Subsequently, 10 pL of the
bacterial solution was steadily dropped onto a pre-prepared enzyme activity screening plate (the center of the
cellulase enzyme screening plate; protease-, urease-, and asparaginase-detection plate), which was placed in a
37 °C incubator for incubation and observation. After sequencing the isolated strains, NCBI sequence alignment
was performed, and a phylogenetic tree was constructed for strain identification.

Transcriptome RNA extraction, library construction, and sequencing

Total RNA was extracted from the midgut of each treatment group of BSFL using R6834 Total RNA Kit I. Three
replicates were used for each treatment group, with each replicate comprising 15 midgut samples of BSFL. After
quality control, VAHTS Universal V6 RNA-seq Library Prep Kit (Illumina®, NR604-01/02) was used to select
different index tags for library construction. The qualified libraries were sequenced using the HiSeq sequencing
platform.

Data quality control and comparison with the reference genome
Quality control of the filtered data was performed using fastac?®. The filtered transcriptome sequences were
aligned with reference genes according to Star?”. Finally, statistical analysis was performed.

Differentially expressed genes (DEGs) and their functional enrichment analysis

The expression level of genes was estimated by counting the sequences located in the genomic region or gene
exon region, and functional annotation of transcripts was performed using seven databases, including Nr?,
Pfam?’, Uniprot, KEGG*, Gene Ontology (GO)*!, KOG/COG?*, and PATHWAY?". The number of reads that
were mapped to each transcript in all samples was obtained using RSEM*, and FPKM conversion was per-
formed. Double-ended sequences from the same fragment were counted as one fragment, and the expression
levels of genes and transcripts were determined. The quantitative expression levels of the genes in each sample
were used for differential expression analysis using DESeq?2 software®. The screening threshold was Padj<0.05
and |log2FoldChange|> 1, and the main metabolic pathways or signaling pathways associated with the DEGs
were determined.

Ethics approval
This article does not contain any studies with human participants performed by any of the authors.

Results

Degradation of edible mushroom waste and wheat bran by sth-instar BSFL

After treatment with BSFL for 5 days, differences were observed in the consumption of P. ostreatus waste, F.
velutipes waste, and wheat bran (Fig. 1). The consumption was compared between BSFL-treated (red) and non-
BSFL-treated (blue) groups to determine whether BSFL treatment resulted in statistically significant differences
in feed surplus. The remaining amount of BSFL-treated F. velutipes waste was 328.3 g, whereas the consump-
tion in the non-BSFL-treated group was 321.733 g, with no statistically significant differences between the two
groups. The remaining amount of P. ostreatus waste in the BSFL-treated group was 203.733 g, whereas that in
the non-BSFL-treated group was 366.533 g, with a statistically significant difference between the two groups.
As a control, the amount of wheat bran that remained after BSFL treatment was 250.467 g, whereas that in the
non-BSFL-treated group was 263.367 g, with no statistically significant differences between the two groups. BSFL
exhibited varying consumption rates for different edible mushroom waste and wheat bran, with the consumption
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Figure 1. Mushroom waste/wheat bran surplus.

of P. ostreatus waste being greater than that of wheat bran and the consumption of P. ostreatus waste after BSFL
treatment being significantly increased compared with the untreated group. At the same time, the weight of BSFL
in three different treatment groups was statistically analyzed. The average weight of BSFL in the Flammulina
velutipes treatment group decreased by 36.4 g, the average weight of BSFL in the wheat bran control group
increased by 56.5 g, and the average weight of BSFL in Pleurotus ostreatus treatment group increased by 79.1 g.

Splicing and assembly of the 16srDNA sequence of the microorganisms present in the midgut
of BSFL

A total of 66,971 reads were obtained from the midgut samples of the 5th-instar larvae of the black soldier flies.
After quality control, the available sequence reads were clustered at a similarity level of 97.0% (Table 1). The
annotation results based on OTUs showed that 117 OTUs were obtained from the combination of 9 samples,
with 7 phyla, 9 classes, 22 orders, 42 families, 78 genera, and 101 species being annotated.

Sequencing depth and a-diversity analysis of the midgut microbial community of BSFL

The horizontal species accumulation curve (Fig. 2a), rarefaction curve (Fig. 2b), and Shannon diversity index
dilution curve (Fig. 2¢) tended to be smooth at the end, indicating a sufficient sequencing sample size. The
rank abundance curve (Fig. 2d) was wide and flat, indicating the presence of abundant sample species and high
uniformity. The a-diversity of BSFL intestinal microorganisms in different treatment groups was analyzed using
the Chao index, Shannon index, Ace index, and Simpson index. Figure 2e presents the mean a-diversity index
of different treatment groups. As shown in Table 2, the mean Shannon index, Chao index, and Simpson index
of BSFL intestinal microorganisms in mushroom treatment group were 4.32, 95.57, and 0.92, respectively. Fur-
thermore, the mean Shannon index, Chao index, and Simpson index of BSFL intestinal microorganisms in wheat
bran-treated control group were 3.81, 72.21, and 0.88, respectively. Moreover, in mushroom treatment group,
the corresponding mean values were 3.4, 78.33, and 0.83. The species abundance and diversity of BSFL intestinal
microorganisms in mushroom treatment group were higher than those in wheat bran-treated control group.

Number of different taxonomic categories

Samples | Nmnber of valid sequences | Number of OTUs | Phylum | Class | Order | Family | Genus | Species
N 6981 84 6 8 19 37 59 79
]2 8029 81 6 8 17 34 56 72
J3 8032 91 6 8 18 36 64 82
Ml 6985 64 6 8 16 26 43 53
M2 7391 66 6 8 17 26 44 55
M3 8094 66 6 8 17 29 47 58
PI 7833 44 6 8 14 21 27 37
P2 8203 58 6 8 IS 30 44 53
P3 7139 71 7 9 22 33 51 65
Total 68687 117 7 9 22 42 78 101

Table 1. Sequence analysis of the 16S rDNA of gut bacteria detected in the 5th-instar larvae of Hermetia
illucens L. J1-J3, BSFL midgut in Flammulina velutipes treatment group; M1-M3, BSFL midgut in wheat bran-
treated control group; P1-P3, BSFL midgut in Pleurotus ostreatus treatment group.
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Figure 2. (a) Species relative abundance accumulation curve of BSFL gut microbes in each treatment group.
(b) BSFL gut microbial dilution curve of each treatment group. (c) BSFL gut microbial Shannon index curve of
each treatment group. (d) Grade abundance curves of BSFL intestinal microorganisms in different treatment
groups. (e) BSFL gut microbial a-diversity of each treatment group, as estimated using Chaol, Shannon, ACE,
and Simpson indexes.

Diversity index
Samples | Chaol | Shannon | Simpson
] 95.57 4.32 0.92
M 72.21 3.81 0.88
P 78.33 34 0.83
Total 7 9 22

Table 2. a-diversity indexes of bacteria in the midgut of the 5th-instar larvae of Hermetia illucens L.

Analysis of bacterial B-diversity in the midgut of BSFL

The results of PCoA (Fig. 3a) showed that there were nine samples from E velutipes treatment group, wheat
bran-treated control group, and P. ostreatus treatment group, and different treatment samples were clustered in
different quadrants without any overlap. UPGMA hierarchical clustering (Fig. 3b) of the samples revealed that
the samples within the same treatment group were close to each other and had short branches, whereas those
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Figure 3. (a) PCoA of BSFL gut microbes in each treatment group based on the weighted UniFrac distance
matrix. (b) UPGMA clustering tree of BSFL gut microbes in each treatment group. (¢) Anosim analysis box

of BSFL gut microbes in each treatment group. As the R value became closer to 1, the difference between the
groups became greater than the difference within groups, and P-values of <0.05 indicated high reliability of the
test. The ordinate represents the 3 distance. The blue box diagram represents the B distance data of all intergroup
samples, the orange box diagram represents the  distance data of all intragroup samples, and the subsequent
box diagram represents the p distance data of intragroup samples of different groups.
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in different treatment groups were far away from each other and had long branches. Anosim analysis (Fig. 3¢c)
revealed that the R value was 0.942, which was close to 1, and the difference between the groups was greater than
the difference within the groups. The P-value was 0.002, which was far below 0.05, with high reliability, indicat-
ing significant differences in B-diversity between different treatment groups. Differences between the samples in
distinct treatment groups were greater than those observed within the same treatment group.

Comparison of the species and abundance of the microorganisms identified in the midgut of
BSFL in the different groups

Figure 4a shows that the top 3 bacterial species in the BSFL of E velutipes treatment group at the phylum level
were Proteobacteria (58.22%), Bacteroidota (22.57%), and Firmicutes (9.68%). The top 3 bacteria in the BSFL
of wheat bran-treated control group at the phylum level were Proteobacteria (56.58%), Bacteroidota (22.12%),
and Firmicutes (12.43%). The top 3 bacteria in the BSFL of P. ostreatus treatment group at the phylum level were
Proteobacteria (32.82%), Bacteroidota (27.89%), and Campylobacterota (20.70%). The top 10 bacteria at the
genus level were analyzed (Fig. 4b). The top 10 bacterial genera in the BSFL of E velutipes treatment group were
“other” (29.58%), Dysgonomonas (21.68%), Providencia (19.98%), Enterococcus (9.04%), Pseudochrobactrum
(6.29%), Actinomyces (5.36%), Morganella (3.07%), Ochrobactrum (1.62%), Raoultella (1.45%), and Ignatzschine-
ria (1.34%). Furthermore, the top 10 bacteria with the highest relative abundance in the midgut of BSFL in
wheat bran-treated control group were Ochrobactrum (24.34%), Dysgonomonas (18.94%), Raoultella (18.28%),
“other” (12.03%), Enterococcus (11.37%), Campylobacter (5.77%), Providencia (3.30%), Actinomyces (2.72%),
Pseudochrobactrum (1.58%), and Morganella (1.42%). The top 10 bacteria with the highest relative abundance
in the midgut of BSFL in mushroom treatment group were Dysgonomonas (27.59%), Campylobacter (20.70%),
Providencia (15.66%), “other” (13.37%), Ignatzschineria (6.63%), Actinomyces (6.04%), Enterococcus (4.34%),
Morganella (4.33%), Raoultella (1.12%), and Pseudochrobactrum (0.16%). The relative abundance ranking of the
bacterial species in the midgut of BSFL varied in different treatment groups.

Detection of extracellular enzyme activity and identification of bacterial species in the gut of
BSFL

Three strains (preliminarily termed 47, 66, and 71) were isolated and purified from the gut of BSFL. After enzyme
activity detection on the plate, strain 71 exhibited a clear circle around the cell body on the protease-detection
plate (Fig. 5a), indicating the presence of protease activity. Furthermore, strain 47 showed a clear circle around
the cell body on the cellulase-detection plate after Congo red staining (Fig. 5b), indicating the presence of
cellulase activity. Strains 47, 66, and 71 showed blue areas around the cell body on the urease-detection plate
(Fig. 5c—e), indicating that all three strains had urease activity. Strains 47, 66, and 71 showed blue areas around
the cell body on the asparaginase-detection plate (Fig. 5f-h), indicating that all three strains had asparaginase
activity. Finally, based on sequencing, strains 47, 66, and 71 were identified as Providencia sp. (strain 47) and
Proteus mirabilis (strains 66 and 71).

b

Relative abundance (%)

Sample Sample

Figure 4. Relative abundance of the dominant phyla (a) and genera (b) of gut bacteria in the 5th-instar larvae
of Hermetia illucens L.
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Figure 5. Detection of the extracellular enzyme activity of intestinal bacteria present in the 5th-intar larvae of
Hermetia illucens L.

Statistical analysis and quality assessment of the gut transcriptome sequencing data of BSFL
in each treatment group

After the administration of wheat bran to E velutipes and P. ostreatus waste, the total amount of data obtained
from the transcriptome sequencing of the BSFL intestinal tract was 630 303 022 sequences, and the sample data
amount of each treatment group was 70 004 922-70 050402 sequences. After data filtering and quality control,
100% of the data was retained as clean reads, and 630 303 022 sequences were obtained for downstream analysis,
with 70 004 922-70 050402 sequences identified for each treatment group, among which the E velutipes treat-
ment group exhibited the highest number of sequences and the wheat bran-treated control group had the lowest
number of sequences. The Q20% of each treatment group was above 97.387%, and the Q30 was above 91.990%.
The GC content was 39.733-43.939%. The transcriptome sequencing quality was high, and the data met the
requirements for bioinformatics analysis.

Analysis of DEGs in the gut of BSFL in each treatment group

Compared with wheat bran-treated control group, 786 DEGs were identified in E velutipes treatment group,
among which 501 genes were upregulated and 285 genes were downregulated (Fig. 6a). Furthermore, 254 DEGs
were identified in P. ostreatus treatment group, among which 211 genes were upregulated and 43 genes were
downregulated (Fig. 6b). The main DEGs related to nutrient composition and energy metabolism are listed in
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Figure 6. Volcano plot of the gut in the 5th-instar larvae of Hermetia illucens L. based on different Flammulina
velutipes (a) and Pleurotus ostreatus (b) treatment groups.
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Table 3. As shown in the table, the FPKM value of genes related to the intestinal amino sugar and nucleotide sugar
metabolism of BSFL in E velutipes treatment group was 1.57, which was 102.87 times higher than that in wheat
bran-treated control group; moreover, the FPKM value of these genes in P, ostreatus treatment group was 64.53,
which was 41.10 times higher than that in wheat bran-treated control group. In addition, the FPKM value of genes
related to the intestinal methionine and cysteine metabolism of BSFL in wheat bran-treated control group was
0.34, which was 44.24 times higher than that in E velutipes treatment group. The FPKM value of these genes in P
ostreatus treatment group was 13.88, which was 40.82 times higher than that in wheat bran-treated control group.

GO and KEGG enrichment analyses of DEGs
Compared with wheat bran-treated control group, GO enrichment analysis of F. velutipes treatment group showed
that 11 DEGs were enriched in serine-type endopeptidase activity (Fig. 7a). KEGG enrichment analysis revealed
that 204 DEGs were enriched in 20 KEGG pathways (Fig. 7b), among which significant enrichment (q <0.05) was
observed in antigen processing and presentation, legionellosis, amino sugar and nucleotide sugar metabolism,
and protein digestion and absorption. The category exhibiting the greatest number of enriched DEGs was amino
sugar and nucleotide sugar metabolism (14 DEGs), followed by protein digestion and absorption (12 DEGs).
GO enrichment analysis of P. ostreatus treatment group showed that one DEG was associated with ATPase-
coupled transmembrane transporter activity (Fig. 8a). KEGG enrichment analysis revealed that 41 DEGs were
enriched in 20 KEGG pathways (Fig. 8b), such as fructose and mannose metabolism, fatty acid metabolism,
galactose metabolism, and glycolysis/gluconeogenesis; however, these differences were not significant.

Discussion

In this study, we selected the two most common edible mushrooms in the market as the research subjects
for treatment of edible mushroom waste with BSFL. P. ostreatus, which has a short growth cycle, is an edible
mushroom that is relatively easy to digest and absorb®. The cultivation of . velutipes produces a large amount
of waste; moreover, it is difficult for mammals to completely digest and absorb the waste because it is rich in
dietary fiber. Several studies have attempted to use the waste as an additive in poultry feed®®*". In the current
study, from the perspective of the remaining amount of feed in different treatment groups, P. ostreatus mushroom
waste were the most suitable for BSFL feeding, yielding the smallest remaining amount, which was 0.81 times
higher than that in wheat bran-treated control group. Second, the largest remaining amount was observed for
E velutipes mushroom waste, which was 1.31 times higher than that in wheat bran-treated control group. These
results demonstrated that the amount of E velutipes waste remaining after BSFL treatment was greater than the
consumption of E velutipes in the natural environment. Based on the difficulty of digesting and absorbing chitin,
which is observed in E velutipes, it is speculated that the E velutipes waste are less suitable for BSFL feeding and
more difficult to digest among the three types of feed used in this study. This result validates the feasibility of
treating edible mushroom foot waste with BSFL. In particular, the amount of P. ostreatus waste remaining after
BSFL treatment was considerably lower than that remaining after wheat bran control treatment, demonstrating
that BSFL can degrade edible mushroom waste.

Gene ID Flammulina velutipes (FPKM) | Pleurotus ostreatus (FPKM) | Wheat bran (FPKM) | log, (FC) | p.adjust | Functional annotation
gene-LOC119655099 25.62 9.90 1.36 2.6504 | 0.0003 Cholesterol metabolism
gene-LOC119653395 | 49.31 4931 4931 ~1.2360 | 0.0000 X:g;iiifi‘(‘)f“e and isoleucine
gene-LOC11964t5976 222.75 113.88 131.75 4.4959 0.0308 Phenylalanine metabolism
gene-LOC1196465S5 15.04 13.88 0.34 3.9351 | 0.0025 Cysteine and methionine metabolism
gene-LOC119658906 70.28 42.04 8.26 2.7278 | 0.0029 Tryptophan metabolism
gene-LOC11964921S | 9.80 25.88 63.90 ~4.0978 | 0.0178 if;figf?a“ate and glutamate
gene-LOC119653433 224.33 97.54 45.32 1.8863 | 0.0049 Pyruvate metabolism
gene-LOC119653555 71.02 54.41 95.71 —-7.0365 | 0.0001 Starch and sucrose metabolism
gene-LOC119655569 30.20 19.36 14.36 9.8759 | 0.0000 Fructose and mannose metabolism
gene-LQC119646976 222.76 113.88 131.75 4.4959  |0.0308 Glycolysis/Gluconeogenesis
gene-LOC119647572 | 161.50 64.53 1.57 7.5626 | 0.0000 iﬁﬁ‘;ﬁ‘;ﬁfr and nucleotide sugar
gene-LOC119654254 25.13 26.60 29.81 -1.1701 0.0011 Galactose metabolism
gene-LOC11964S654 29.33 21.28 14.86 —-1.1083 | 0.0038 Citrate cycle (TCA cycle)
gene-LOC119654073 8.02 355 2.30 -9.0407 | 0.0090 Propanoate metabolism
gene-LOC119660564 7.69 5.12 7.46 -1.8197 | 0.0216 Glycerophospholipid metabolism
gene-LOC11965310S 2763 03 460.41 56.31 4.6950 | 0.0212 Biosynthesis of unsaturated fatty acids
gene-LOC119652221 6.92 1.40 0.22 4.2972 0.0026 Steroid biosynthesis
gene-LOC119658906 70.28 42.04 8.26 1.7108 |0.0018 Glycerolipid metabolism

Table 3. Main differentially expressed genes in various treatment groups.
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The relative abundance of intestinal bacterial species in BSFL from different treatment groups varied. Com-
pared with wheat bran-treated control group, the abundance of the cellulolytic bacterial genus Providencia®® in
E velutipes and P. ostreatus treatment groups increased by 16.68% and 12.36%, respectively, which were 6.05
times and 4.75 times higher than that of wheat bran-treated control group, with significant differences (P <0.05).
E velutipes has a high dietary fiber content and is difficult to digest and absorb. F. velutipes and P. ostreatus both
contain adequate amounts of high-quality protein and are good sources of dietary fiber, vitamin C, B vitamins
and minerals®®. The wheat bran as the control group contained about 70% carbohydrate, 33% pentosan, 8%
protein, 2% fiber, and 8.3% fat*. The highest crude fat content of BSFL was 28.4%, and the lowest crude protein
content was 38%*!. To meet their growth requirements, BSFL change the abundance of Providencia individuals
in their gut, to enhance the decomposition and use of dietary fiber. Compared with wheat bran-treated control
group (1.42%), the abundance of Pseudochrobactrum*? in E. velutipes treatment group (3.07%) and P. ostreatus
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treatment group (4.33%) increased by 1.65% and 2.91%, respectively, which were 2.16 and 3.05 times higher than
that of the wheat bran-treated control group, with significant differences (P <0.05). Morganella is a conditional
pathogenic bacterium of the gut, and E velutipes can exert immune regulatory effects by stimulating immune
responses, producing cytokines, and exerting antibacterial, antiviral, and antifungal effects***, resulting in lower
levels of this bacterium in the gut of the BSFL-treated groups. Studies have also shown that changes in insect
diet can affect their immune system while affecting their growth*>*. After feeding BSFL with agricultural waste
and liquid waste, it was observed that their antibacterial peptides were significantly increased*’. Subsequently,
strains with cellulase activity, protease activity, urease activity, and asparaginase activity were isolated from the
gut of BSFL, among which bacteria in the Providencia genus were identified as strains with significantly increased
abundance after feeding the larvae with edible mushroom waste, thus further verifying the degradation ability
of BSFL on edible mushroom waste. In a subsequent, unpublished study, we successfully screened protease-
producing strains from the BSFL intestine and demonstrated that they can enhance BSFL intestinal protease
activity. In summary, the gut flora of BSFL can regulate the abundance of different bacterial species based on
the nutrient composition of the edible mushroom waste. With the assistance of the gut flora, BSFL can better
degrade edible mushroom waste and convert them into their own biomass, thus reducing environmental waste
while becoming a more nutritious feed source.

The FPKM value of genes related to the intestinal amino sugar and nucleotide sugar metabolism of BSFL in
E velutipes treatment group was 161.50, which was 102.87 times higher than that in wheat bran-treated control
group (1.57). Furthermore, the FPKM value of these genes in P. ostreatus treatment group was 64.53, which was
41.10 times higher than that in wheat bran-treated control group. In addition, the FPKM value of genes related
to the intestinal methionine and cysteine metabolism of BSFL in E velutipes treatment group was 15.04, which
was 44.24 times higher than that in wheat bran-treated control group (0.34). The FPKM value of these genes in
P. ostreatus treatment group was 13.88, which was 40.82 times higher than that in wheat bran-treated control
group. Feeding with mushroom waste upregulated the expression of intestinal energy metabolism-related genes
of BSFL, thus enhancing the absorption and metabolism of energy substances. From the perspective of metabolic
pathways, KEGG analysis revealed that compared with wheat bran-treated control group, the intestinal DEGs
of BSFL in F. velutipes treatment group exhibited significant enrichment in energy-related metabolic pathways,
such as amino sugar and nucleotide sugar metabolism and protein digestion and absorption (P <0.02). Taken
together with the changes in the intestinal microbial community of BSFL, these findings indicated that because
of the difficulty in digestion and utilization of dietary fiber and polysaccharides present in mushroom waste
by the black soldier fly, BSFL are forced to upregulate the expression of energy metabolism-related genes. This
increases the abundance of bacteria with intestinal digestive enzyme activity, thereby enhancing the absorption
and utilization of nutrients.

In summary, this study used BSFL as a treatment medium to organically degrade mushroom waste, which are
a waste product of the edible mushroom industry. Mushroom waste showed a certain impact on the abundance of
different types of bacteria in the gut of BSFL and expression of gut genes, ultimately increasing the consumption
of mushroom waste by BSFL. In conclusion, BSFL can be used to treat organic mushroom waste, thus providing
a new alternative for treating edible mushroom waste and protecting the highland environment.

Relevant legislations, permitting and consent
All experimental procedures were performed in accordance with the standards of the Animal Management
Committee of Guizhou Medical University, China.
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sequence of the microorganisms with accession number PRJNA1058849; the gut transcriptome sequencing data
with accession number PRJNA1062440.

Received: 1 March 2024; Accepted: 24 April 2024
Published online: 30 April 2024

References
1. Zhu, L. P. et al. Extraction technology of protein from base of Flammulina velutipes. ]. Wuhan Inst. Technol. 37, 21-26 (2015).
2. Mahfuz, S. et al. Effect of golden needle mushroom (Flammulina velutipes) stem waste on laying performance, calcium utilization,
immune response and serum immunity at early phase of production. Asian Australas. J. Anim. Sci. 31,705-711 (2018).
3. Jinnan. L., Panpan, H., Yaling, F,, Yushan, Z., Hualing, Z. & Litong, B. Research progress on active ingredients, nutritional value
and applications of mushroom feet. Tianjin Agric. Sci. (2019).
4. Fataei, E. et al. An experimental study of vermicomposting with earthworm (Eisenia foeida) growth in edible mushrooms wastes.
Int. ]. Bio-Resour. Stress Manag. 2, 066-068 (2011).
5. Xu, K. M. et al. Technology research on breeding holotrichia diomphalia with Agaricus bisporus residue straits science. Northern
Hortic. 22, 151-153 (2012).
6. Zulkifli, N. E N. M. et al. Nutritional value of black soldier fly (Hermetia illucens) larvae processed by different methods. PLoS
ONE 17, 0263924 (2022).
7. Siddiqui, S. A. et al. Black soldier fly larvae (BSFL) and their affinity for organic waste processing. Waste Manag. 140, 1-13 (2022).
8. Rampure, S. M., Velayudhannair, K. & Marimuthu, N. Characteristics of chitin extracted from different growth phases of black
soldier fly, Hermetia illucens, fed with different organic wastes. Int. J. Trop. Insect Sci. 43, 979-987 (2023).
9. Lalander, C., Diener, S., Zurbriigg, C. & Vinneras, B. Effects of feedstock on larval development and process efficiency in waste
treatment with black soldier fly (Hermetia illucens). J. Clean. Prod. 208, 211-219 (2019).
10. Nguyen, T. T., Tomberlin, ]. K. & Vanlaerhoven, S. Ability of black soldier fly (Diptera: Stratiomyidae) larvae to recycle food waste.
Environ. Entomol. 44, 406-410 (2015).
11. Adesogan, A. T. et al. Symposium review: Technologies for improving fiber utilization. J. Dairy Sci. 102, 5726-5755 (2019).

Scientific Reports |

(2024) 14:9903 | https://doi.org/10.1038/s41598-024-60524-6 nature portfolio


https://www.ncbi.nlm.nih.gov/

www.nature.com/scientificreports/

12. Ahmad, N. & Zakaria, M. R. Oligosaccharide from hemicellulose. In: Lignocellulose for Future Bioeconomy, 135-152 (2019)

13. Antunes, E. A. F et al. Overcoming challenges in lignocellulosic biomass pretreatment for second-generation (2G) sugar produc-
tion: Emerging role of Nano, biotechnological and promising approaches. 3 Biotech 9(6), 230 (2019).

14. De Smet, J., Wynants, E., Cos, P. & Van Campenhout, L. Microbial community dynamics during rearing of black soldier fly larvae
(Hermetia illucens) and Impact on exploitation potential. Appl. Environ. Microbiol. 84, €02722-¢2817 (2018).

15. Babczinski, P, Haselbeck, A. & Tanner, W. Yeast mannosyl transferases requiring dolichyl phosphate and dolichyl phosphate
mannose as substrate. Partial purification and characterization of the solubilized enzyme. Eur. J. Biochem. 105, 509-515 (1980).

16. Smetana, S., Palanisamy, M., Mathys, A. & Heinz, V. Sustainability of insect use for feed and food: Life cycle assessment perspective.
J. Clean. Prod. 137, 741-751 (2016).

17. Gold, M., Tomberlin, J. K., Diener, S. & Zurbriigg, C. Mathys A decomposition of biowaste macronutrients, microbes, and chemicals
in black soldier fly larval treatment: A review. Waste Manag. 82, 302-318 (2018).

18. Jeon, H. et al. The intestinal bacterial community in the food waste-reducing larvae of Hermetia illucens. Curr. Microbiol. 62,
1390-1399 (2011).

19. Yu, G. H. et al. Isolation and identification of bacteria producing enzymes from gut and skin of black soldier fly (Hermetia illulens)
larvae. Chin. J. Appl. Entomol. 47, 889-894 (2010).

20. Kim, W. et al. Characterization of the molecular features and expression patterns of two serine proteases in Hermetia illucens
(Diptera: Stratiomyidae) larvae. BMB Rep. 44, 387-392 (2011).

21. Bonelli, M. et al. Structural and functional characterization of Hermetia illucens larval midgut. Front. Physiol. 10, 204 (2019).

22. Kim, W. et al. Biochemical characterization of digestive enzymes in the black soldier fly, Hermetia illucens (Diptera: Stratiomyidae).
J. Asia Pac. Entomol. 14, 11-14 (2011).

23. Harsanyi, E. et al. Evaluation of organic wastes as substrates for rearing Zophobas morio, Tenebrio molitor, and acheta domesticus
larvae as alternative feed supplements. Insects 11, 604 (2020).

24. Hopkins, I, Newman, L. P, Gill, H. & Danaher, J. The influence of food waste rearing substrates on black soldier fly larvae protein
composition: A systematic review. Insects 12, 608 (2021).

25. Li, X, Zhou, S., Zhang, J., Zhou, Z. & Xiong, Q. Directional changes in the intestinal bacterial community in black soldier fly
(Hermetia illucens) Larvae. Anim. Open Access . MDPI 11(12), 3475 (2021).

26. Davis, E. M. et al. SequencErr: Measuring and suppressing sequencer errors in next-generation sequencing data. Genome Biol.
22(1), 37 (2021).

27. Dobin, A. et al. STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

28. Deng, Y. et al. Integrated nr database in protein annotation system and its localization. Comput. Eng. 32, 71-72 (2006).

29. Finn, R. D. et al. Pfam: The protein families database. Nucleic Acids Res. 42, D222-D230 (2014).

30. Kanehisa, M., Goto, S., Kawashima, S., Okuno, Y. & Hattori, M. The KEGG resource for deciphering the genome. Nucleic Acids
Res. 32, D277-D280 (2004).

31. Ashburner, M. et al. Gene ontology: Tool for the unification of biology. Nat. Genet. 25, 25-29 (2000).

32. Tatusov, R. L. et al. The COG database: An updated version includes eukaryotes. BVC Bioinf. 4, 1-14 (2003).

33. Li, B. & Dewey, C. N. RSEM: Accurate transcript quantification from RNA-seq data with or without a reference genome. BMC
Bioinf, 12, 1-16 (2011).

34. Love, M. L, Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol. 15,1-21 (2014).

35. Sanchez, C. Cultivation of Pleurotus ostreatus and other edible mushrooms. Appl. Microbiol. Biotechnol. 85, 1321-1337 (2010).

36. Mahfuz, S., Song, H., Miao, Y. & Liu, Z. Dietary inclusion of mushroom (Flammulina velutipes) stem waste on growth performance
and immune responses in growing layer hens. J. Sci. Food Agric. 99, 703-710 (2019).

37. Chen, M. The antioxidant status of serum and egg yolk in layer fed with mushroom stembase (Flammulina velutipes). Pak. ]. Zool.
https://doi.org/10.17582/journal.pjz/2020.52.1.5¢c6 (2019).

38. Poszytek, K., Ciezkowska, M., Sklodowska, A. & Drewniak, L. Microbial consortium with high cellulolytic activity (MCHCA) for
enhanced biogas production. Front. Microbiol. 7, 324 (2016).

39. Breene, W. M. Nutritional and medicinal value of specialty mushrooms. J. Food Prot. 53(10), 883-894 (1990).

40. Chick, H. & Cutting, M. E. Observations on the digestibility and nutritive value of the nitrogenous constituents of wheat bran. Br.
J. Nutr. 1(2-3), 161-182 (1947).

41. Liu, X. et al. Dynamic changes of nutrient composition throughout the entire life cycle of black soldier fly. PloS one 12(8), €0182601
(2017).

42. Zhang, Y. J., Wei, L. T., Zhou, M. P, Wei, C. & Yu, X. J. Enantioselective resolution of (R, S)-DMPM to prepare (R)-DMPM by an
adsorbed-covalent crosslinked esterase PAE07 from Pseudochrobactrum asaccharolyticum WZZ003. Bioprocess Biosyst. Eng. 46,
171-181 (2023).

43. Wang, Y. et al. Bioactive sesquiterpenoids from the solid culture of the edible mushroom Flammulina velutipes growing on cooked
rice. Food Chem. 132, 1346-1353 (2012).

44. Wu, M. et al. Antioxidant and immunomodulatory activities of a polysaccharide from Flammulina velutipes. J. Tradit. Chin. Med.
= Chung i tsa chih ying wen pan 34, 733-740 (2014).

45. Lee, K. P, Cory, J. S., Wilson, K., Raubenheimer, D. & Simpson, S. J. Flexible diet choice offsets protein costs of pathogen resistance
in a caterpillar. Proc. R. Soc. B Biol. Sci. 273, 823-829 (2006).

46. Povey, S., Cotter, S. C., Simpson, S. J., Lee, K. P. & Wilson, K. Can the protein costs of bacterial resistance be offset by altered feeding
behaviour?. J. Anim. Ecol. 78, 437-446 (2009).

47. Vogel, H., Miiller, A., Heckel, D. G., Gutzeit, H. & Vilcinskas, A. Nutritional immunology: Diversification and diet-dependent
expression of antimicrobial peptides in the black soldier fly Hermetia illucens. Dev. Comp. Immunol. 78, 141-148 (2018).

Acknowledgements
This project contributed to the provision of the laboratory facilities, we are grateful to everyone who provided
help for us in this article.

Author contributions

L.L. wrote the main manuscript text; Y.L. and H.L. performed the study conception and design; L.L., M.L., Z.W,,
J.L., Z.W. and G.W. performed the experiments. X.W. and B.T. contributed to the discussion of the manuscript.
All authors commented on previous versions of the manuscript, and all authors read and approved the final
version of the manuscript.

Funding
This research was supported by the special funds from the central finance to support the development of local
universities (Qian Jiao Ji No [2023]036), 2020 Guizhou Province tail vegetable efficient comprehensive utilization

Scientific Reports|  (2024) 14:9903 | https://doi.org/10.1038/s41598-024-60524-6 nature portfolio


https://doi.org/10.17582/journal.pjz/2020.52.1.sc6

www.nature.com/scientificreports/

of science and technology research project (Qian Jiao He Foundation-KY [2020]021), Guizhou Provincial Depart-
ment of Education University scientific and technological achievements transfer and transformation service
rural revitalization demonstration base (Qian Jiao Ji No [2022]064), Engineering Research Center of Guizhou
Medical University (School Engineering Center 2016002).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to X.W. or H.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

= License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:9903 | https://doi.org/10.1038/s41598-024-60524-6 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Degradation of edible mushroom waste by Hermetia illucens L. and consequent adaptation of its gut microbiota
	Materials and methods
	Source of the tested insect and mushrooms
	Treatment of mushroom waste with 5th-instar BSFL
	Operational taxonomic unit (OTU) clustering, diversity analysis, and functional analysis of intestinal bacterial communities
	Isolation and identification of extracellular enzyme-producing bacteria in the midgut of BSFL
	Transcriptome RNA extraction, library construction, and sequencing
	Data quality control and comparison with the reference genome
	Differentially expressed genes (DEGs) and their functional enrichment analysis
	Ethics approval

	Results
	Degradation of edible mushroom waste and wheat bran by 5th-instar BSFL
	Splicing and assembly of the 16srDNA sequence of the microorganisms present in the midgut of BSFL
	Sequencing depth and α-diversity analysis of the midgut microbial community of BSFL
	Analysis of bacterial β-diversity in the midgut of BSFL
	Comparison of the species and abundance of the microorganisms identified in the midgut of BSFL in the different groups
	Detection of extracellular enzyme activity and identification of bacterial species in the gut of BSFL
	Statistical analysis and quality assessment of the gut transcriptome sequencing data of BSFL in each treatment group
	Analysis of DEGs in the gut of BSFL in each treatment group
	GO and KEGG enrichment analyses of DEGs

	Discussion
	Relevant legislations, permitting and consent

	References
	Acknowledgements


