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Abstract Black soldier fly, Hermetia illucens (Diptera: Stratiomyidae), larvae are renowned
for their bioconversion of organic waste into nutrient-rich supplements for various applications.
In previous studies, the predominant genera of gut bacteria show a large variability among fly
larvae, likely due to variability in diets. The ability of catabolic degradation by black soldier fly
larvae might be ascribed to intestinal microorganisms. Diets can influence the gut microbiota of
H. illucens. However, the effect of distinct foods on bacterial communities of gut bacteria is
poorly understood. For this purpose, we undertook this study to assess the impacts of diet on
the structure and function of the microbial communities in the gut of black soldier fly larvae fed
with representative types of diets. We found that the most abundant bacteria in the black soldier
fly larvae gut metagenome were Morganella (17.02%), Enterococcus (10.27%), Paenibacillus
(9.50%), Klebsiella (7.29%), and Enterobacteriaceae (10.27%) and, thus, represent the core
microbiome. Our results provide insights into the bacterial genes in H. illucens the larval gut,
and we concluded that the microbiota structure and function could be shaped by the edible
mushroom residue diet. Characterizing the interplay between the gut microbiome and black sol-
dier fly larvae diets helps to clarify the underlying degradation processes and may contribute to
improved large-scale black soldier fly larvae rearing. These data sets help to exploit the micro-
biological optimization of H. illucens as a sustainable insect for industrial rearing and the micro-
biome for novel biotechnological applications.
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Hermetia illucens (L.) (Diptera: Stratiomyidae), commonly called the black sol-
dier fly, is one of the most promising insects being mass reared globally, due to its
ability to recycle many types of organic wastes effectively. Furthermore, it is not rec-
ognized as a pest (Jeon et al. 2011, Zhan et al. 2020). Black soldier fly larvae can
thrive on diverse substrates including animal manures, human excreta, fruit and
vegetable wastes, carrion, and even food waste (Gold et al. 2018). For most ani-
mals, microbial communities play an particularly important role in the digestive tract,
where they should be the key mediators for many survival types of insect hosts
(Engel and Moran 2013). The high-complexity gut microbiome plays an essential
role in insect digestion and performance, host physiology and immunity, and health

1Received 8 May 2024; accepted for publication 27 July 2024.
2Corresponding author (email: xiongqiang@njtech.edu.cn).

1

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10

mailto:xiongqiang@njtech.edu.cn


(Cifuentes et al. 2020, De Smet et al. 2018). Therefore, an in-depth characterization
of black soldier fly larval microbiota and the factors that influence its composition is
particularly important.

In recent years, the literature available on the composition of the black soldier fly
larval gut microbiota, which is possibly related to its substrate and other rearing fac-
tors, increased substantially, with examples of relevant studies (Gorrens et al. 2021,
IJdema et al. 2022, Wynants et al. 2019). Whereas, the studies mentioned focused
on the identification of members of the black soldier fly larval microbial community,
knowledge on rearing substrate impact on the composition and the functions of the
gut microbiota have been only preliminarily understood. The influencing factors and
underlying mechanisms still need to be revealed. Nevertheless, one of the challenges
of the utilization of some food substrates that are exploited by black soldier fly larvae
(e.g., dairy manure, soybean curd residue, rice straw, brewer grains) is that they con-
tain various indigestible fibers (e.g., cellulose, hemicelluloses, lignin), starches, and
sugars that limit the performance of the larvae (ur Rehman et al. 2017). T\he role of
symbiotic microorganisms and cellulolytic enzymes in digestive processes in insects
that successfully feed on lignocellulosic biomass is widely recognized (Gorrens et al.
2021). Bacteria that are better adapted to digest a specific compound are expected to
have greater fitness in exploiting specific diets. However, few investigations have
been undertaken on the connection between fiber diet and larval gut microbiota. It is
necessary to develop relevant studies in order to better understand the relationship
between diet, microbiota characteristics, and function of black soldier fly larvae.

Some studies suggest that the rearing substrate is an important factor shaping
the gut microbiota in black soldier fly larvae (Gorrens et al. 2021). We hypothe-
sized that the ability of catabolic degradation of high-fiber food waste by black sol-
dier fly larvae might be due to gut microbes. Therefore, the effect was evaluated
by rearing black soldier fly larvae on 4 representative diets, including edible mush-
room residue and soybean curd residue, concentrated feed and concentrated feed
with cellulose, on the microbial community composition and function.

The edible mushroom residue is that organic material remaining after harvest-
ing mushrooms and is a substantial source of nutritious organic waste (high fiber)
that is a promising candidate as a food source for rearing black soldier fly larvae
for recycling (Li et al. 2021, Moon et al. 2012). Soybean curd residue, also known
as okara, is the main product from processed soy products (Li et al. 2013). This
residue is also rich in cellulose and dietary fiber, which can be fermented by
microbes in the gut (Li et al. 2013). Edible mushroom residue and soybean curd
residue contain nonstarchy carbohydrates commonly found in plant materials,
such as cellulose, hemicellulose, and pectin. Currently, optimizing H. illucens for
recycling particular types of high-fiber waste is especially challenging because little
is known about its effect on gut microbiota composition. However, whether the
changes in the gut microbiota of black soldier fly larvae on substrates of different
types of fiber can be used to characterize the microbial function remains unclear.
We, thus, proposed to feed black soldier fly larvae with concentrated feed as a
control experimental group. Cellulose fibers were added to the concentrated feed
to compare the effect of natural cellulose on intestinal flora.

Metagenomics provide new opportunities and insights for further analysis of the
relationship between insect microbial community structure and function. Thus, in
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this study, black soldier fly larvae were reared on diets supplemented with 4 repre-
sentative forms of organic wastes, including edible mushroom residue, soybean
curd residue, concentrated feed, and concentrated feed with cellulose. The micro-
bial community structure and function were analyzed by using metagenomics.

Materials and Methods

Insect maintenance and diet preparation. Eggs of the black soldier fly were
obtained from Younong Environmental Protection Industry Technology Co., Ltd.
(Taizhou, Jiangsu Province, China). Black soldier fly larvae 6 d after hatching were
fed a standard diet of 75 g of bran, 75 g of corn flour, and 350 ml of water) as per
Somroo et al. (2019). Larvae were then transferred to 1 of 4 treatment diets. The
diet containing soybean curd residue was prepared with residue obtained from
local farmers’ Zhuquan markets in Nanjing. The edible mushroom residue was
purchased from Jiangsu Hualvbio Co., Ltd. (Suqian, Jiangsu, China), and the con-
centrated feed was purchased from Qingdao Kangda Jiahui Fodder Co., Ltd.
(Qingdao, Shandong, China). Specifics of the pig concentrated feed (on a dry mat-
ter basis) was as follows: crude protein 17.60%, crude fiber 2.26%, crude fat
3.76%, crude fat 5.96%. The cellulose added to the concentrated feed was pur-
chased from Sinopharm Group Co., Ltd. (Beijing, China). All diets were sterilized
with heat and pressure to avoid the impact on the intrinsic food bacteria. The phys-
ico-chemical properties of the diets are listed in Table 1.

Dry mass was measured by drying (105°C) under atmospheric pressure according
to Chinese National Standard GB 5009.3-2010. The ash content was determined fol-
lowing National Standard GB 5009.4-2010. Crude protein (CP) was measured using
the Kjeldahl method and a conversion factor of 6.25 was calculated by using the
method in GB/T 5009.5-2010. Crude fat (CF) of larvae and feedstock was determined
using Soxhlet extraction to GB/T 5009.6-2003. Crude fiber was determined according
to the standard determination of crude fiber (GB/T 5009.10-2003).

Gut removal. During these feeding experiments, we extracted in triplicates at day
12 a total of 36 guts from black soldier fly larvae. These were subsequently submitted
for sequencing. The surfaces of the 12-d-old black soldier fly larvae were disinfected
with 75% alcohol, rinsed with sterile water several times, and then surgically dis-
sected. The entire gut was removed under a stereomicroscope on sterile glass slides.
The individual guts were pulled out using sterile forceps, crushed using a mortar,
transferred into a sterile microcentrifuge tube, cleaned to remove fat, and frozen until
further use. Guts from 3 larvae per sample were pooled for DNA extraction, then
homogenized in 4 groups, resulting in a total of 3 replicates per treatment.

DNA extraction, MiSeq sequencing and data analysis. After thawing the gut
samples, DNA was extracted using a DNA extraction Kit (E.Z.N.A.T Soil DNA Kit,
Omega Bio-Tek, VWR, Radnor, PA). DNA quality was examined after electrophoresis
on agarose gel (1%, w/v). DNA concentration was quantified using a Nano-drop 1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA). To minimize DNA extrac-
tion bias, 3 replicated DNA isolates from each sample were pooled. Subsequently,
genomic DNA was sheared into DNA fragments of about 500 bp by using a Covaris
S220 focused-ultrasonicator (Covaris Inc., Woburn, MA). An Illumina library was then
constructed by using NEB NextT UltraTM DNA Library Prep Kit for IlluminaT (Illumina,
San Diego) following the manufacturer’s protocol. Finally, the library preparations were
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sequenced on an Illumina Hiseq X Ten platform (Hiseq PE150, Illumina) at Sangon
Co., Ltd. (Shanghai, China).

Raw data were checked for quality assessment with FastQC, adapter, and quality
trimming was carried out using Trimmomatic (Bolger et al. 2014). High-quality reads
were integrated and assembled using the IDBA-UD (Peng et al. 2012) algorithm that
is based on the De Bruijn graph. Contigs were obtained according to overlap between
reads, evaluated by using Kmer overlap information, ensuring improved results.

Results

Overview of the metagenome data. To understand whether distinct foods affect
the microbial community that colonizes the digestive tract of black soldier fly larvae,
the gut metagenomes of the larvae were sequenced using the Illumina platform.
Metagenomic assembling was accomplished using the prominent assembler IDBA-
UD. The quality checked (QC) library was taken for sequencing. After quality control
filtering, a total of 18,762,958 reads was maintained for further analysis, with an aver-
age of 1,563,580 reads per sample. The metagenomic sequence data from this study
have been submitted to the National Center for Biotechnology Information (NCBI)
Sequence Read Archive (SRA) (accession numbers SRR21686212, SRR21686213,
SRR21686214, and SRR21686215). The predicted open reading frames (ORFs) with
a length larger than 100 bp were selected and translated into amino acid sequence
using the software Prodigal version 2.6.3 with the -p meta options (Hyatt et al. 2012).
The sequencing statistics are listed in Table 2. A total of 101,253, 303,004, 273,568,
and 143,979 ORFs were found in soybean curd residue, edible mushroom residue,
concentrated feed, and concentrated feed with cellulose, respectively. These ORFs
were predicted for functional annotation, and approximately 50% of these ORFs were
classified using KEGG and COG databases.

Taxonomic composition of the microbial communities. Taxonomic annota-
tion based on SSU rRNA annotation implied that bacteria, fungi, viruses, and arch-
aea accounted for approximately 97.39%, 2.29%, 0.28%, and 0.04% of the
sequences, respectively. At phylum level, 17 bacterial groups, 3 fungal groups, 1
virus, and 4 archaeal groups were observed in all the samples. Metagenomic
sequencing showed that Proteobacteria and Firmicutes were the dominant phyla
in all black soldier fly larvae gut samples with an average abundance of 56.17%
and 32.47%, respectively, followed by Actinobacteria (4.82%), Bacteroidetes
(3.37%), and Ascomycota (1.44%) (Fig. 1A).

COG function annotation. These predicted genes were classified by aligning
them to the COG protein database that was derived from those proteins encoded
by the genomes of bacteria, archaea, and unicellular eukaryotes. COG ID-based
functional genes were annotated using Diamond runs against the eggNOG data-
base for COG annotation. The functional potential genes were subsequently clas-
sified via COG analysis. A total of 212,685, 79,514, 56,963, and 56,422 COG IDs
were identified in the soybean curd residue, edible mushroom residue, concen-
trated feed, and concentrated feed with cellulose, respectively. Function unknown
(S), amino acid transport and metabolism (E), carbohydrate transport and metabo-
lism (G), transcription (K), and inorganic ion transport and metabolism (P) were
the dominant functions among the 25 categories (Fig. 2).

LI ET AL.: Gut Microbiome of Black Soldier Fly Larvae on Different Diets 5

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10



T
ab

le
2.

S
u
m
m
ar
y
o
f
th
e
m
et
ag

en
o
m
ic

se
q
u
en

ci
n
g
.

C
at
eg

o
ry

S
o
yb

ea
n

C
u
rd

R
es

id
u
e

E
d
ib
le

M
u
sh

ro
o
m

R
es

id
u
e

C
o
n
ce

n
tr
at
ed

F
ee

d
C
o
n
ce

n
tr
at
ed

F
ee

d
W
it
h
C
el
lu
lo
se

F
ib
er
s

R
aw

re
ad

s
37

,5
58

,1
80

45
,2
63

,9
40

54
,4
22

,6
74

37
,5
13

,4
72

C
le
an

re
ad

s
34

,6
23

,4
40

43
,2
86

,1
52

51
,2
63

,6
08

35
,5
96

,2
10

A
ss
em

bl
ed

co
nt
ig
s
nu

m
be

r
28

,9
98

13
1,
14

8
25

1,
19

4
55

,2
08

La
rg
es

tc
on

tig
le
ng

th
(b
p)

1,
32

8,
22

0
52

4,
69

3
62

5,
01

7
22

6,
22

2

A
ve

ra
ge

Le
ng

th
(b
p)

3,
04

6.
25

1,
84

8.
51

99
4.
28

2,
34

3.
62

C
on

tig
_N

50
le
ng

th
(b
p)

17
,3
33

3,
41

2
90

9
5,
09

0

C
on

tig
_N

90
le
ng

th
(b
p)

81
3

65
9

55
3

77
2

P
re
di
ct
ed

O
R
F
s

10
1,
25

3
30

3,
00

4
27

3,
56

8
14

3,
97

9

G
C
co

nt
en

t
48

.2
3%

46
.8
2%

41
.7
6%

51
.4
5%

J. Entomol. Sci. Vol. 60, No. 4 (2024)6

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10



KEGG function annotation. KEGG can be used to infer the functional and taxo-
nomic association of protein groups based on the biochemical function of the ortholo-
gous groups (KEGG orthology group [KO) terms] using Ghost KOALA (Kanehisa
et al. 2016). The differential function genes showed the relative functional gene abun-
dance of various diets. Based on KEGG pathways at levels 1 and 2 (Fig. 3), metabo-
lism was the largest group, with higher proportions of carbohydrate metabolism,
amino acid metabolism, overview, nucleotide metabolism, metabolism of cofactors,
and vitamin and energy metabolism. Collectively, the 13 functional categories in the
metabolism group accounted for 59.72% of the hits. Carbohydrate metabolism and
amino acid metabolism were the most abundant pathways and functional categories,
representing 11.17% and 9.44% of the black soldier fly larvae gut metagenome,
respectively. It is noteworthy that the relative abundance of these main metabolism in
edible mushroom residue diet was much higher compared with that under the other 3
diets. Furthermore, the differential microbiota in different groups are found to play an
important role in such biological processes; based on the KO (KEGG Orthology) path-
ways system for functional orthologs (Fig. 4A), the predicted function associated with
8 of 30 highest-expressed genes in edible mushroom residue diet. These statistical
differences indicating the edible mushroom residue diet significantly affected these
KEGG pathways in the H. illucensmicroorganisms, which warranted further investiga-
tion. The top 30 functional modules (level 4) were detected in the microbial communi-
ties of the 4 diets (Fig. 4A).

CAZy function annotation. Enzymes are produced by black soldier fly larvae or
by related microbes located inside or outside the digestive tract of the larvae. These
enzymes hydrolyze complex carbohydrates into simple sugars (mono and disaccha-
rides). To further understand the complex carbohydrate and glycoconjugate enzymes
present in the black soldier fly larvae gut microbiome, we submitted the samples to

Fig. 1. Relative abundance analyses at phylum (A) and genus (B) levels in 4
diets (group). Different colored bars represent different bacterial spe-
cies. The legends are shown at the right of the figure. Soybean curd
residue (DZ), edible mushroom residue (JZ), concentrated feed (SL),
and concentrated feed with cellulose (SX).
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the carbohydrate-active enzymes database (CAZy) (Cantarel et al. 2009). The varia-
tions of carbohydrate active enzyme gene numbers and abundance ranked in
decreasing order as (Fig. 5): glycoside hydrolases (GHs, 97, 44.97%), glycosyl trans-
ferases (GTs, 53, 23.65%), carbohydrate esterases (CEs, 16, 21.86%), carbohy-
drate-binding modules (CBMs, 32, 2.54%), polysaccharide lyases (PLs, 19, 3.83%),
and auxiliary activities (AAs, 10, 3.15%). The abundant enzymes can be classified
according to their main functions as follows: glycosidase (GH109, GH13, GH3, GH1,
GH43, GH41, GH2), glycosyltransferase (GT51, GT41, GT9), esterase (CE1, CE9,
CE10, CE4), and synthase (GT2, GT4).

Discussion

The core microbiota Firmicutes was considered to play an essential role in the
digestion of animal manure (Zhan et al. 2020). A finer resolution on genus level is illu-
stated in Fig. 1B. The most abundant ones (average presence across the 4 rearing
diets) were Morganella (17.02%), Enterococcus (10.27%), Paenibacillus (9.50%),
Klebsiella (7.29%), and Enterobacteriaceae (10.27%) in black soldier fly larvae gut
metagenome. These dominant bacteria reflect largely the bacterial profiles of black
soldier fly larvae already described in the literature with respect to the most important
phyla and genera in the gut community (Gorrens et al. 2021). It can then be inferred
that those microbes play a crucial role in black soldier fly larval growth and develop-
ment; however, some differences can be noticed depending on diet. The more

Fig. 2. (A) Circos analysis displays the corresponding abundance relation-
ship between groups and COG function annotation. (B) COG func-
tional classification statistics bar chart. The genes were annotated
and classified into 25 COG functional categories. (C) 3-d bar-plot of
COG function annotation abundance. Soybean curd residue (DZ),
edible mushroom residue (JZ), concentrated feed (SL), and concen-
trated feed with cellulose (SX).
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pronounced differences among the 4 diet groups were as follows: Morganella was
the most prominent genus in the guts of larvae reared on diet containing soybean
curd residue (24.10%) and on the concentrated diet (39.87%), respectively, and
was the third most abundant in larvae fed on the concentrated feed with a fiber diet
group, but only 0.45% in the larvae fed on the edible mushroom residue diet. In con-
trast, Paenibacillus (34.57%), Enterococcus (11.42%), and Bacillus (7.95%) were

Fig. 3. KEGG pathway function annotation diagram at level 2 for genes in
the gut metagenomes of 4 diets using Ghost KOALA.

Fig. 4. Cluster bar-plot display the relative abundance and similarity of the
dominant KEGG pathways in 4 diets. (A) KO; (B) module level 4.
Soybean curd residue (DZ), edible mushroom residue (JZ), concen-
trated feed (SL), and concentrated feed with cellulose (SX).

LI ET AL.: Gut Microbiome of Black Soldier Fly Larvae on Different Diets 9
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the most prominent genera in the edible mushroom residue diet microbiota. Diets
with soybean curd residue and concentrated feed are associated with an overall
similar microbiota composition, both leading to increased levels of Morganella,
Enterococcus, and Providencia.On the other hand, the microbiota of a diet com-
posed of concentrated feed with fiber was dominated by Klebsiella and Enterobac-
teriaceae. The group analysis of microbial species indicates that diet impacts the
intestinal microbial community structure of black soldier fly larvae.

Diet composition plays a major role in shaping the diversity of the gut microbiota
(Gorrens et al. 2021). The findings from these analyses are consistent with Bruno
et al. (2019), who investigated the effects of different substrates on the microbiota
of black soldier fly larvae and concluded that the substrate played a major role in
the composition of the microbiota. In our study, the diet with the edible mushroom
residue appeared to have the strongest effect on the larval gut microbiota, leading
to a higher abundance of Paenibacillus taxa. This suggests that this bacterial fam-
ily may play a key role in metabolism, although further research is required to
address such assumption. Meanwhile, other types of diets may play a smaller role
in the intestinal tract of black soldier fly larvae and may be related to substrate
types (Klammsteiner et al. 2020).

Of the known functions, sequencing data showed that the relative abundance of
metabolic genes in edible mushroom residue group was significantly increased, sug-
gesting that the high cellulose content increased the activity of microorganisms.
ENOG410XNMH (histidine kinase) was found to be the most abundant COG func-
tional gene category and was involved in signal transduction mechanisms. Functions

Fig. 5. (A) 3-d bar-plot of CAZ gene abundance and functional subclasses in
each group. (B) The variation of CAZ gene numbers in 4 diets. (C)
Boxplot representing the abundance of the CAZyme family (top-30).
Soybean curd residue (DZ), edible mushroom residue (JZ), concen-
trated feed (SL), and concentrated feed with cellulose (SX).
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of other high abundant COGs are mainly related to COG2207 (transcriptional regula-
tor AraC family) responsible for sugar uptake and metabolism (Nie et al. 2012).

Lee et al. (2014) found that bacteria in the black soldier fly larval gut possess
enzymes that can hydrolyze starch, cellulose, proteins, and lipids and, thus, con-
tribute to biowaste decomposition. Interestingly, the number of genes in the CAZy
database in the diet containing edible mushroom residue was higher than that in
the other groups. This finding suggests that a high-fiber diet may improve the effi-
cacy of cellulose-degrading microbes and carbohydrate degradation potential.
Similar studies proved that dietary fiber can promote human gut bacteria to pro-
duce a large number of CAZymes and degrade the compounds into metabolisable
substances (Tasse et al. 2010). These dominant enzymes were often found to be
involved in the biodegradation of organic compounds such as saccharides or lig-
nin. For example, GHs and GTs played key roles in the enzymatic breakdown to
polymetric substrates (Roth et al. 2017). GHs are found in almost all organisms
and can hydrolyze the glycosidic bonds of various sugar-containing compounds to
form monosaccharides, oligosaccharides, or sugar complexes.

Many insects harbor a complex community of microorganisms in their gut. As fly
larvae feed on diets high in carbohydrates, gut microbes can metabolize starch, sug-
ars, and fibers into organic acids such as short-chain fatty acids or simple alcohols
(Gold et al. 2018). Bacteria in the gut of black soldier fly larvae produce enzymes
that hydrolyze starch, cellulose, proteins, and lipids to decompose organic agricul-
tural waste. Intestinal microbial community structure is the result of the coevolution
of the microbes, the host animal, and its environment, and intestinal microorganisms
influence physiological function. Together, these observations indicate that the
intestinal bacterial community is structured to the dietary specialisation of the host.

Our results provide a better understanding of the intestinal microbiota of black
soldier fly larvae; however, the results did not fully address the relationship
between microbes and their function. We found that the composition of the edible
mushroom residue diet significantly affected the composition of the black soldier
fly larval gut microbiota. This indicates that distinct diets, particularly a diet contain-
ing edible mushroom residue, are capable of shaping the structure and function of
gut microbiota of black soldier fly larvae. These findings could be used to explore
the potential relationship between the diets and commensal bacteria of H. illucens,
thereby paving the way for developing novel strategies to promote bioconversion
of organic waste and enhancing studies on insect symbiosis.

Acknowledgments

This study was financially supported by the Introducing Talent Special Funding for Scientific Research
at Nanjing Tech University (39829117), 2022 Jiangsu Association for Science and Technology to
enhance the service of science and technology innovation ability plan (KJZLXCZX (2022)-2-B051(1)-18).

References Cited

Bolger, A.M., M. Lohse and B. Usadel. 2014. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30(15): 2114–2120. https://doi.org/10.1093/bioinformatics/
btu170

Bruno, D., M. Bonelli, F. de Filippis, I. di Lelio, G. Tettamanti, M. Casartelli and S.
Caccia. 2019. The intestinal microbiota of Hermetia illucens larvae is affected by diet and

LI ET AL.: Gut Microbiome of Black Soldier Fly Larvae on Different Diets 11

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10



shows a diverse composition in the different midgut regions. Appl. Environ. Microbiol.
85(2): e01864-18. https://doi.org/10.1128/AEM.01864-18

Cantarel, B.L., P.M. Coutinho, C. Rancurel, T. Bernard, V. Lombard and B. Henrissat.
2009. The carbohydrate-active EnZymes database (CAZy): an expert resource for glyco-
genomics. Nucleic Acids 37(Suppl. 1): D233–D238. https://doi.org/10.1093/nar/gkn663

Cifuentes, Y., S.P. Glaeser, J. Mvie, J.O. Bartz, A. Müller, H.O. Gutzeit and P. Kämpfer. 2020.
The gut and feed residue microbiota changing during the rearing of Hermetia illucens larvae.
Antonie Van Leeuwenhoek. 113(9): 1323–1344. https://doi.org/10.1007/s10482-020-01443-0

de Smet, J., E. Wynants, P. Cos and L. van Campenhout. 2018. Microbial community dynam-
ics during rearing of black soldier fly larvae (Hermetia illucens) and impact on exploitation
potential. Appl. Environ. Microb. 84(9): e02722-17. https://doi.org/10.1128/AEM.02722-17

Engel, P., and N.A. Moran. 2013. The gut microbiota of insects–diversity in structure and
function. FEMS Microbiol. Rev. 37(5): 699–735. https://doi.org/10.1111/1574-6976.12025

Gold, M., J.K. Tomberlin, S. Diener, C. Zurbrügg and A. Mathys. 2018. Decomposition of
biowaste macronutrients, microbes, and chemicals in black soldier fly larval treatment: A
review. Waste Manag. 82: 302–318. https://doi.org/10.1016/j.wasman.2018.10.022

Gorrens, E., L. van Moll, L. Frooninckx, J. de Smet and L. van Campenhout. 2021.
Isolation and identification of dominant bacteria from black soldier fly larvae (Hermetia
illucens) envisaging practical applications. Front Microbiol. 12:665546. https://doi.org/
10.3389/fmicb.2021.665546

Hyatt, D., P.F. LoCascio, L.J. Hauser and E.C. Uberbacher. 2012. Gene and translation
initiation site prediction in metagenomic sequences. Bioinformatics 28(17): 2223–2230.
https://doi.org/10.1093/bioinformatics/bts429

IJdema, F., J. de Smet, S. Crauwels, B. Lievens and L. van Campenhout. 2022. Meta-
analysis of larvae of the black soldier fly (Hermetia illucens) microbiota based on 16S
rRNA gene amplicon sequencing. FEMS Microbiol. Ecol. 98(9): fiac094. https://doi.org/
10.1093/femsec/fiac094

Jeon, H., S. Park, J. Choi, G. Jeong, S.B. Lee, Y. Choi and S.J. Lee. 2011. The intestinal
bacterial community in the food waste-reducing larvae of Hermetia illucens. Curr. Micro-
biol. 62: 1390–1399. https://doi.org/10.1007/s00284-011-9874-8

Kanehisa, M., Y. Sato and K. Morishima. 2016. BlastKOALA and GhostKOALA: KEGG
tools for functional characterization of genome and metagenome sequences. J. Mol. Biol.
428(4): 726–731. https://doi.org/10.1016/j.jmb.2015.11.006

Klammsteiner, T., A. Walter, T. Bogataj, C.D. Heussler, B. Stres, F.M. Steiner, B.C.
Schlick-Steiner, W. Arthofer and H. Insam. 2020. The core gut microbiome of black sol-
dier fly (Hermetia illucens) larvae raised on low-bioburden diets. Front. Microbiol. 11:993.
https://doi.org/10.3389/fmicb.2020.00993

Lee, C.M., Y.S. Lee, S.H. Seo, S.H. Yoon, S.J. Kim, B.S. Hahn and B.S. Koo. 2014. Screen-
ing and characterization of a novel cellulase gene from the gut microflora of Hermetia illu-
cens using metagenomic library. J. Microbiol. Biotech. 24(9): 1196–1206. https://doi.org/
10.4014/jmb.1405.05001

Li, S., D. Zhu, K. Li, Y. Yang, Z. Lei and Z. Zhang. 2013. Soybean curd residue: Composi-
tion, utilization, and related limiting factors. Int. Scho. Res. Notices 2013. https://doi.org/
10.1155/2013/423590

Li, T.H., C.R. Zhang, P.F. Che, Y. Ma and L.S. Zang. 2021. Recycling of spent mushroom
substrate and food waste: utilisation as feed materials for black soldier fly (Hermetia illu-
cens (L.) Diptera: Stratiomyidae). J. Insects Food Feed. 7(4): 409–417. https://doi.org/
10.3920/JIFF2020.0105

Moon, Y.H., P.G. Shin and S.J. Cho. 2012. Feeding value of spent mushroom (Pleurotus
eryngii) substrate. J. Mushroom 10(4): 236–243. https://doi.org/10.14480/JM.2012.10.4.236

Nie, Y., Y.Q. Tang, Y. Li, C.Q. Chi, M. Cai and X.L. Wu. 2012. The genome sequence of Poly-
morphum gilvum SL003B-26A1T reveals its genetic basis for crude oil degradation and adap-
tation to the saline soil. PLoSOne 7(2): e31261. https://doi.org/10.1371/journal.pone.0031261

J. Entomol. Sci. Vol. 60, No. 4 (2024)12

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10



Peng, Y., H.C. Leung, S.M. Yiu and F.Y. Chin. 2012. IDBA-UD: a de novo assembler for
single-cell and metagenomic sequencing data with highly uneven depth. Bioinformatics
28(11): 1420–1428. https://doi.org/10.1093/bioinformatics/bts174

Roth, C., N. Weizenmann, N. Bexten, W. Saenger, W. Zimmermann, T. Maier and N.
Sträter. 2017. Amylose recognition and ring-size determination of amylomaltase. Sci.
Adv. 3(1): e1601386. https://doi.org/10.1126/sciadv.1601386

Somroo, A.A., K. ur Rehman, L. Zheng, M. Cai, X. Xiao, S. Hu and J. Zhang. 2019. Influ-
ence of Lactobacillus buchneri on soybean curd residue co-conversion by black soldier
fly larvae (Hermetia illucens) for food and feedstock production. Waste Manag. 86: 114–
122. https://doi.org/10.1016/j.wasman.2019.01.022

Tasse, L., J. Bercovici, S. Pizzut-Serin, P. Robe, J. Tap, C. Klopp and G. Potocki-
Veronese. 2010. Functional metagenomics to mine the human gut microbiome for dietary
fiber catabolic enzymes. Genome Res. 20(11): 1605–1612. https://doi.org/10.1101/
gr.108332.110

ur Rehman, K., A. Rehman, M. Cai, L. Zheng, X. Xiao, A.A. Somroo and J. Zhang. 2017. Con-
version of mixtures of dairy manure and soybean curd residue by black soldier fly larvae (Her-
metia illucens L.). J. Clean Prod. 154: 366–373. https://doi.org/10.1016/j.jclepro.2017.04.019

Wynants, E., L. Frooninckx, S. Crauwels, C. Verreth, J. de Smet, C. Sandrock and L.
van Campenhout. 2019. Assessing the microbiota of black soldier fly larvae (Hermetia
illucens) reared on organic waste streams on four different locations at laboratory and
large scale. Microbiol. Ecol. 77(4): 913–930. https://doi.org/10.1007/s00248-018-1286-x

Zhan, S., G. Fang, M. Cai, Z. Kou, J. Xu, Y. Cao and Y. Huang. 2020. Genomic landscape
and genetic manipulation of the black soldier fly Hermetia illucens, a natural waste recy-
cler. Cell Res. 30(1): 50–60. https://doi.org/10.1038/s41422-019-0252-6

LI ET AL.: Gut Microbiome of Black Soldier Fly Larvae on Different Diets 13

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-10


