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hemocytes in the blood of insects. In general, seven types 
of hemocyte have been reported in the blood of insects 
(prohemocytes, plasmatocytes, granulocytes, adipocytes, 
oenocytoids, spherulocytes, and coagulocytes), some of 
which only become active during invasion by pathogens, 
eliminating the pathogens through processes of phago-
cytosis, encapsulation, and nodulation (Lavine & Strand, 
2002; Strand, 2008; Dubovskiy, 2016). Insects are highly 
diverse, and diff erent types of insect exhibit diff erences in 
their hemocyte composition and immune cells. For exam-
ple, insects in the order Diptera typically only have 3–4 
types of hemocyte, and have been reported to possess 
unique hemocytes that are not found in other insects, such 
as crystal cells and lamellocytes (Hoff mann & Reichhart, 
2002; Hoff mann, 2003). 

The second immune system in insects is humoral immu-
nity, in which antimicrobial peptides are produced to elim-
inate invasive pathogens (Janeway & Medzhitov, 2002; 
Tasakas & Marmaras, 2010). These antimicrobial peptides 
bind to the cell membrane/cell wall of the pathogen to form 
holes, causing release of the cell contents. The expression 
of diverse antimicrobial peptides is aff ected by the invad-
ing pathogen. For example, in the vinegar fl y Drosophila 
melanogaster, the IMD pathway is activated upon invasion 
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gion, serine-type endopeptidase activity, and neuropeptide signaling pathways, including genes related to the Toll pathway. In 
other words, the immune response of black soldier fl ies involves the simultaneous expression of innate immunity-related genes, 
irrespective of the type of bacteria. This is determined to be because, rather than showing a specifi c immune response, the fl ies 
depend on responding rapidly based on high expression levels.
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INTRODUCTION

Black soldier fl ies (Hermetia illucens) are a commercial 
insect with very high economic value. Their uses include bi-
oremediation of food waste, production of growth-promot-
ing fertilizer for crops using manure, and feed for chicken, 
pigs, and salmon (Stamer, 2015; Tomberlin & Huis, 2020; 
Park et al., 2021; Jensen et al., 2021). Commercial insects 
can also cause enormous economic losses if they become 
infected by any of a variety of pathogenic microbes dur-
ing mass breeding, leading to large-scale natural mortality 
or extermination to control the spread of the pathogen(s) 
(Wang & Shelomi, 2017). However, all organisms, includ-
ing insects, possess refi ned immune mechanisms to defend 
against invasive pathogens and maintain their populations 
(Vogel et al., 2018). Generally, insect immunity diff ers 
from mammals due to the absence of T and B cells, mean-
ing that they do not exhibit immune mechanisms based on 
antigen-antibody interactions. However, insects have two 
types of immune response that have allowed them to sur-
vive in the face of various microbes (Cooper & Eleftheri-
anos, 2017; Eleftherianos et al., 2021; Gomes et al., 2022).

Immune mechanisms in insects can be divided into the 
cellular immune system and the humoral immune sys-
tem. Cellular immunity refers to immunity mediated by 
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and a Pasteur pipette was used to inoculate each insect with ~ 3 
μl. The p eak of immune activation was 12 h, which is typical for 
most insects (Kwon  et al., 2014; Cho & Cho, 2019, 2021; Go et 
al., 2022). In other words, RNA was extracted for use 12 h after 
inoculation. The experiment was repeated in triplicate with 10 in-
sects per group, meaning that a total of 30 insects were analyzed 
for each of the three groups. 

RNA extraction, library construction, and Illumina 
sequencing

We us ed the RNasey Plus Mini Kit (Qiagen) and applied a 
bead-based method to enhance RNA extraction effi  ciency. We 
extracted and mixed RNA from three insects in each group. In 
simple terms, RNA extraction was achieved by dissecting the in-
sect, extracting the fat body tissue, and mixing 1 ml of TRIzol 
per 100 mg of tissue. Plastic beads 0.4–0.6 mm, 2 mm, and 7 mm 
in diameter (Daihan Agent, Wonju, South Korea) were added to 
the tissue in a 50 ml tube, and the mixture was vortexed for 5–10 
min. After centrifuging at 4°C and 14,000 rpm for 3 min, 1 ml of 
supernatant was collected. After adding 200 μl chloroform to the 
supernatant and shaking it gently, the mixture was left to react 
for 20 min at 4°C. After centrifugation at 4°C and 14,000 rpm 
for 15 min, the clear supernatant (~ 600 μl) was loaded into a 
gDNA elimination column to remove DNA. After the extract was 
centrifuged again at 4°C at 14,000 rpm for 1 min, after which 600 
μl of 70% cold isopropanol/ethanol (maintained at –20°C) was 
added to precipitate the RNA. Using an RNeasy Mini Column, 
700 μl of sample was centrifuged at 4°C and 14,000 rpm for 1 
min, 700 μl of RW1 buff er (10 mM Tris-Hcl, 1 mM EDTA, 50 
mM NaCl, 0.5% Tween-20, pH = 8.5) was added, and the mixture 
was centrifuged for another 1 min at 4°C and 14,000 rpm. After 
adding 500 μl of RPE buff er (10 mM Tris-Hcl, 80% ethanol, 0.5 
mM EDTA pH = 7.5) to the sample, the mixture was centrifuged 
under the same conditions, and ~ 50 μl of RNase-free water was 
added to a new, sterilized RNase-free tube to extract the RNA. 

Total RNA was isolated from three samples and DNA con-
tamination was eliminated using DNase treatment. mRNA with 
poly-A tail was purifi ed using TruSeq Stranded mRNA LT Sam-
ple Prep Kit (Illumina). The purifi ed mRNA was randomly frag-
mented and reverse transcribed into cDNA. Adapters were ligated 
onto both ends of the cDNA fragments and amplifi ed by PCR. 
Fragments with insert sizes between 200–400 bp were selected 
for paired-end sequencing on an Illumina platform. All analyses 
were performed using RNA combined from three independent ex-
periments for each group, followed by RNA-seq.

Date pr e-processing
The raw reads underwent quality checking and trimming to 

eliminate low-quality reads, adapter sequences, contaminant 
DNA, or PCR duplicates. This process was carried out using 
FastQC v0.11.7 and Trimmomatic 0.38. The trimmed reads 
were mapped to the reference genome of H. illucens (available 
at https://www.ncbi.nlm.nih.gov/datasets/taxonomy/343691/) to 
produce Binary Alignment Map (BAM) fi les. The alignment suc-
cess rate demonstrated a satisfactory level, approximately around 
85%. From the BAM fi les, gene-specifi c read counts were ex-
tracted using FeatureCounts() of Rsubread v2.14.2 and integrated 
with gene annotation information for H. illucens. Utilizing this 
integrated dataset, an estimated total of 14,004 protein-coding 
genes were detected. Filtered protein-coding genes were used to 
construct a read count matrix, along with authored meta-infor-
mation. The DESeq2 v1.40.2 was then applied for normalization 
and transformation, including log transformation and variance 
stabilization.

by gram-negative bacteria and fungi, ultimately leading to 
the production of broad-spectrum antimicrobial peptides, 
including drosomycin, diptericin, and attacin. In contrast, 
when invaded by gram-positive bacteria and fungi, the Toll 
pathway is activated, leading to the production of various 
antimicrobial peptides that include drosomycin, metch-
nikowin, and defensin (Janeway & Medzhitov, 2002; Ta-
sakas & Marmaras, 2010).

Currently, next-generation sequencing (NGS) is being 
used to investigate the immune response at the whole ge-
nome scale and to identify immunity-related genes (Zhang 
et al., 2023). By comparing the transcriptome before and 
after pathogen exposure, it is possible to identify genes that 
are up- or down-regulated during the immune response. 
For example, the overall immune response in insects can 
be understood by analyzing overexpression of Toll, IMD, 
antimicrobial peptide, and immune cell-related genes with 
changes in the expression of pattern recognition receptors 
(PRRs; Bang et al., 2013). In this study, we artifi cially 
infected Hermetia illucens, a very important commercial 
species, with gram-positive or gram-negative bacteria, and 
used NGS to analyze immunity-related genes and the dif-
ferences in the immune responses to diff erent types of bac-
teria.

MATERIALS AND METHODS
Insects

In this study, black soldier fl y (H. illucens) larvae were ob-
tained from the Korea Benefi cial Insects Lab. Ltd. in Guri, South 
Korea. Plastic breeding containers (50 cm × 40 cm × 60 cm) were 
prepared with a rectangular opening cut in the lid, and a micro-
scopic mesh screen secured over the opening to allow ventilation. 
A mixture of poultry feed, compost, manure, and sawdust was 
soaked in water until it became the texture of damp sponge, be-
fore being laid on the fl oor of the rearing containers. Adult black 
soldier fl ies (30 females and 20 males) were added to each con-
tainer. We reared over 2,000 insects in a climate chamber (MIR-
553; Sanyo Electric Biomedical, Japan), maintaining a tempera-
ture of 27 ± 1℃, light cycle of 16L : 8D), and relative humidity of 
60 ± 10%. Th e insects used in the study were all reared in a sterile 
environment.

Bacteria
We used live representative gram-negative (Escherichia coli 

k12) and gram-positive (Bacillus thuringiensis, Bt) bacteria to 
immunize H. illucens. We inoculated a small ~ 2 ul of 1 × 105 of 
E. coli culture medium to LB Broth (tryptone 10 g/L, yeast ex-
tract 5 g/L, NaCl 10 g/L, pH = 7.0) and incubated the mixture 
for 12 h. For Bt (B. thuringiensis), ~2ul of 1 × 105 of Bt culture 
medium was inoculated to NA broth (Nutrient powder 1 g/L, pep-
tone 5 g/L, yeast extract 2 g/L, NaCl 10 g/L, pH = 7.0) and the 
mixture was incubated for 18 h. The E. coli and Bt cultures were 
centrifuged at 5℃, 4,000 rpm for 5 min, washed three times with 
physiological saline (PBS buff er; NaH2PO4, Na2HPO4 and NaCl, 
pH = 7.2), and adjusted to an optical density (OD, 600 nm) of 1.3.

Immunization 
We divided the insects into a group treated with PBS (control), 

a group treated with E. coli k12 and a group treated with Bt. The 
H. illucens in all groups were 5th instar larvae, measuring approxi-
mately ~ 10 mm in total length and weighing approximately 0.3 
g each. The dorsal region was washed clean with 70% ethanol, 
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Expression analysis and diff erential expression gene 
(DEG) identifi cation

Diff erentially expressed genes (DEGs) were identifi ed using 
edgeR v3.38.4 with the P-value (adjusted by Benjamini-Hoch-
berg method) < 0.001 and | Log2 (fold change) | > 2 threshold 
for signifi cance under the assumption that biological coeffi  cient 
of variance is 0.2. The gene symbols of his were converted into 
that of dme according to the match. For functional analysis, the 
gene information of H. illucens (his) was combined with that of 
D. melanogaster (dme) based on the Gene Group Identifi er from 
NCBI Ortholog. Gene ontology (GO) analysis was performed 
using enrichGO() of clusterProfi ler v4.9.0 based on org.Dm.eg.
db v3.17.0. GO terms signifi cantly enriched (P-value adjusted 
by Benjamini-Hochberg method < 0.05) on the signifi cant DEGs 
were identifi ed using clusterProfi ler (version 4.4.4). Volcano 
plots and dot plots were generated using ggplot2 (version 3.4.0). 
All statistical analysis and visualizations were performed under R 
(version 4.2.2) and R studio (Build 576) envelopment.

RESULTS

The transcriptomic profi les of the group immunized 
with E. coli and Bt

After immunizing H. illucens larvae using E. coli and 
Bt, we compared expression patterns across the whole ge-
nome. We conducted the experiment three times, compar-
ing it with a control group treated with PBS. Diff erences in 
genome-wide expression patterns in each group were ana-
lyzed using two-dimensional principal component analysis 
(PCA), which visualizes the transcriptomic distance (Fig. 
1). The control samples are positioned on the left, while the 
gram-positive bacteria (Bt) and gram-negative bacteria (E. 
coli) samples are positioned on the right. It became evident 
that the administration of pathogens is the most signifi cant 
factor determining the diff erences in the transcriptome 
(Fig. 1). 

Diff erentially expressed genes (DEG)
Based on the above results, we analyzed the genes that 

showed signifi cant diff erences between the groups (Fig. 2). 
For determining the statistical signifi cance of Diff erentially 
Expressed Genes (DEGs), criteria were set with an absolute 
Log2FC > 2, a p-value < 0.05 and a fold change of at least 
4. The results of the DEG analysis were visualized using a 
Volcano Plot and Bar Plot (Fig. 2). Compared to the control 
group treated with PBS buff er, the group immunized with 
Bt showed signifi cant diff erences in expression patters for 
2,312 genes. Specifi cally, the group immunized with Bt 
showed overexpression of 808 genes and underexpression 
of 1,504 genes. Similarly, the group immunized with E. 
coli showed signifi cant diff erences in gene expression pat-
terns compared to the control group for 2,251 genes in total 
(634 overexpressed genes, 1,617 underexpressed genes). 
These diff erences are thought to refl ect diff erences in the 
expression patterns of genes induced by infections by these 
two types of bacteria. The mos t signifi cantly diff erentially 
expressed genes, both up-regulated and down-regulated, 
were organized into bar plots, with the top 25 genes rep-
resented for each category (Fig. 2C, D). Furthermore, it 
was observed that common antimicropeptide genes such as 
attacin and cecropin were positioned among the top genes.

The gene ontology (GO) of genes that showed 
signifi cant diff erences of expression in DEG 
analysis

Next, the enrichGO function in the specialized cluster-
Profi ler (v4.4.4) R package was used to investigate the gene 
ontology (GO) of genes that showed signifi cant diff erences 
of expression in DEG analysis. We selected the biologi-
cal process (BP) terms that could represent the function of 
genes that were signifi cantly up- or down-regulated in the 
DEG analysis, and performed a GO cluster map analysis 
based on the results (Fig. 3; signifi cant representativeness 
was defi ned as a Benjamini-Hochberg adjusted p-value 
< 0.05). Using the emapplot function of ClusterProfi ler, 
we visualized the correlations of the top 10 BP terms, with 
each dot corresponding to BP terms that were signifi cantly 
representative (Fig. 2). Herein, the size of each dot repre-
sents the number of genes related to the selected BP term 
that showed a signifi cant increase or decrease. The color of 
each dot represents the adjusted p-value of the correspond-
ing BP term. The size of the points represents the number 
of genes. The lines between dots represent the number of 
genes shared between each pair of BP terms. The distance 
between dots represents the distance between BP terms, 
calculated based on the genes related to each BP term. 
Based on this distance, the BP terms were grouped and 
assigned a number from 1 to 3 (Fig. 3). We investigated 
each cluster and their GO terms. The genes in Cluster 1 for 
the group immunized with Bt were related to the defense 
response to pathogens, the innate immune response, and 
positive regulation of the Toll signaling pathway. For the 
group immunized with E. coli, the genes in this cluster were 
related to the defense response to gram-positive bacteria, 
the innate immune response, the peptidoglycan catabolic 

Fig. 1. Principal component analysis (PCA) performed on the full 
transcriptomes of black soldier fl ies, which were divided into three 
groups: a control group (injected with PBS), Bt group injected with 
gram-positive bacteria (B. thuringiensis), and E. coli group injected 
with gram-negative bacteria (E. coli). Regarding PC1, which pre-
dominantly encapsulates spatial information, the control is posi-
tioned on the left, while Bt and E. coli are distantly located on the 
right. In PC2, E. coli and Bt are vertically separated with control as 
the reference point, positioned in the middle. This indicates that the 
administration status and type of pathogen play a signifi cant role in 
determining the diff erences in the transcriptome.
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process, and positive regulation of Toll signaling pathway. 
Compared to the control group, the fi rst cluster included 
representative genes related to defense against pathogenic 
bacteria in insects (Toll and innate immune genes) in both 
the immunized groups (Fig. 3A, C, Tables 1, 3).

Compared to the control group, in the group immunized 
with Bt, the second cluster included genes related to the ex-
tracellular region, the extracellular space, and extracellular 
ligand-gated monoatomic ion channel activity (Fig. 3A, 
Table 1). In the group immunized with E. coli, the second 
cluster included genes related to extracellular ligand-gated 
monoatomic ion channel activity, the extracellular space, 
and iron ion binding (Fig. 3C, Table 3). The third cluster 
included genes related to serine-type endopeptidase activ-

ity, proteolysis, neuropeptide hormone activity, and neuro-
peptide signaling pathways in the group immunized by Bt, 
and genes related to the extracellular region, proteolysis, 
and serine-type endopeptidase activity in the group immu-
nized with E. coli. Thus, genes related to serine-type en-
dopeptidase activity and proteolysis were observed in this 
cluster in both groups (Fig. 3A, C, Table 1, 3). The down-
regulated cluster exhibited genes related to the extracellu-
lar matrix, chitin-based cuticle development, and structural 
constituents of the cuticle. Genes related to the extracellu-
lar region, the chitin metabolic process, and chitin binding 
were grouped together, and genes related to heme binding, 
the extracellular space, and extracellular matrix structural 
constituents also formed a cluster (Fig. 3B, Table 2). In the 

Fig. 2. Transcriptomic analysis. A volcano plot showing diff erences in expression between the groups depending on the treatment applied 
(A and B). The group treated with Bt manifested the overexpression of 808 genes and the underexpression of 1,504 genes compared to 
the control (A). Similarly, the group treated with E. coli manifested the overexpression of 634 genes and the underexpression of 1,617 
genes compared to the control (B). The top 25 genes with the most signifi cant diff erences, both up- and down-regulated, were organized 
into a barplot (C and D). The absolute value of Log2FC was > 2 and the p-value was < 0.001.
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comparison of the group treated with E. coli and the group 
treated with Bt, no noticeable immunity-related genes were 
detected in the up-regulation, but it was observed that the 

gene related to serine-type endopeptidase activity was 
more down-regulated in the group treated with E. coli (Fig. 
6E, F, Table 5, 6).

Table 1. A list of up-regulated clusters of Bt compared to the control.

Cluster Name GeneRatio BgRatio pvalue p.adjust qvalue Count
1 defense response to Gram-positive bacterium 24/712 67/9065 7.91E-11 1.48E-08 1.39E-08 24
1 innate immune response 24/712 101/9065 6.5E-07 6.94E-05 6.53E-05 24
1 positive regulation of Toll signaling pathway 9/712 22/9065 2.11E-05 0.00158 0.001487 9
2 extracellular region 86/712 352/9065 1.45E-22 1.08E-19 1.02E-19 86
2 extracellular space 55/712 282/9065 1.55E-10 2.31E-08 2.17E-08 55
2 extracellular ligand-gated monoatomic ion channel activity 8/712 15/9065 5.45E-06 0.000453 0.000426 8
3 serine-type endopeptidase activity 40/712 108/9065 8.74E-18 3.26E-15 3.07E-15 40
3 proteolysis 45/712 149/9065 6.27E-16 1.56E-13 1.47E-13 45
3 neuropeptide hormone activity 8/712 11/9065 1.86E-07 2.32E-05 2.18E-05 8
3 neuropeptide signaling pathway 10/712 21/9065 1.33E-06 0.000125 0.000117 10

Fig. 3. Scores plot of principal component analysis (PCA) of a control group (injected with PBS), Bt group injected with gram-positive 
bacteria (B. thuringiensis), and E. coli group injected with gram-negative bacteria (E. coli). Using enrich-GO in cluster-Profi ler (v4.4.4), an 
R package specialized for gene ontology (GO), we conducted a search for biological process (BP) terms that could represent the functions 
of genes exhibiting signifi cantly increased or decreased expression in the results of the DEG analysis. We selected 10 BP terms based 
on their signifi cance, and used the emap-plot function in cluster-Profi ler to visualize their correlations (the criterion for determining signifi -
cance was a Benjamini-Hochberg adjusted p-value < 0.05). The color of each dot represents the adjusted p-value of the corresponding BP 
term (p-value). The size of the points represents the number of genes. The lines between the dots represent the number of genes shared 
between each pair of BP terms. The distance between dots represents the distance between BP terms, calculated based on the genes 
related to each BP term; based on this distance, the BP terms were grouped and assigned a number (1–3).
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To summarize the results above, the genes that were 
overexpressed compared to the control group were grouped 
into 3 clusters, but immunity-related genes showed high 
relevance in each group. Moreover, given that the group 
immunized with gram-negative bacteria (E. coli k12) also 
showed a high percentage of genes related to defense 
against such bacteria, black soldier fl ies were shown to de-
fend against bacteria by expressing genes related to innate 
immunity. Next, we performed a dotplot analysis to sum-
marize our results. 

Dotplot by selecting the BP terms for each 
comparison group

We created a summary dotplot by selecting the top 20 
BP terms, in terms of signifi cance, for each comparison 
group, and visualizing them in a dotplot. The size of each 
dot represents the number of genes (count) related to the 
corresponding BP term that showed a signifi cant increase 
or decrease in the DEG analysis. The color of each dot rep-
resents the adjusted p-value of the corresponding BP term 
(p.adjust). There were very similar expression patterns for 

Fig. 4. Gene Ontology (GO) enrichment analysis. For each comparison group, we selected the top 20 BP terms based on signifi cance 
and visualized them in a dotplot. The size of each dot represents the number of genes (count) related to the corresponding BP term that 
showed a signifi cant increase or decrease in the DEG analysis. The color of each dot represents the adjusted p-value of the correspond-
ing BP term (p.adjust).
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genes that were overexpressed, compared to the control 
group, in both the group immunized with gram-positive 
and gram-negative bacteria (Fig. 4). Next, we summarized 
the above results using immune system-related GOs. We 
made a dotplot by selecting the BP terms for each com-
parison group that satisfi ed the signifi cance criteria and 

included immune defenses, T cell, B cell, or Toll. The size 
of each dot represents the number of genes (count) related 
to the corresponding BP term that showed a signifi cant in-
crease or decrease in the DEG analysis. The color of each 
dot represents the adjusted p-value of the corresponding 
BP term (p.adjust). Compared to the control group, the 
groups treated with Bt and E. coli k12 both showed signifi -
cant overexpression of genes related to the innate immune 
response. In other words, there was signifi cant overexpres-
sion of genes related to defense against both gram-negative 
and gram-positive bacteria (Fig. 5).

Normalization count of overexpressed gene
Subsequently, normalization counts were conducted for 

the detected genes, and their expression levels were il-
lustrated with a bar plot. Toll pathway-related genes were 
observed to be overexpressed in the immunostimulated 
groups with Bt and E. coli compared to the control group 
(Fig. 6A , B). The Toll-like receptor-related genes were 
found to be most highly expressed in response to Bt (Fig. 
6A). Furthermore, genes associated with the Toll pathway, 
such as Pelle, Tube, and MyD88, were also observed to be 
most highly expressed in the group treated with Bt (Fig. 

Fig. 5. Gene Ontology (GO) biological process (BP) terms associ-
ated with insect immune related response. For each comparison 
group, we selected the BP terms that satisfi ed the signifi cance cri-
teria and included immune, defense, T cell, B cell, or Toll, and we 
visualized these in a dot-plot. The size of each dot represents the 
number of genes (count) related to the corresponding BP term that 
showed a signifi cant increase or decrease in the DEG analysis.

Table 2. A list of down-regulated clusters of Bt compared to the control. 

Cluster Name GeneRatio BgRatio pvalue p.adjust qvalue Count
1 extracellular matrix 40/843 90/9065 1.48E-18 6.3E-16 5.89E-16 40
1 chitin-based cuticle development 33/843 73/9065 8.44E-16 1.8E-13 1.68E-13 33
1 structural constituent of cuticle 25/843 48/9065 4.49E-14 7.63E-12 7.13E-12 25
1 structural constituent of chitin-based larval cuticle 23/843 41/9065 5.63E-14 7.98E-12 7.46E-12 23
2 extracellular region 92/843 352/9065 4.75E-21 4.04E-18 3.78E-18 92
2 chitin binding 34/843 67/9065 3.23E-18 9.17E-16 8.56E-16 34
2 chitin metabolic process 21/843 39/9065 2.11E-12 2.25E-10 2.1E-10 21
3 extracellular space 67/843 282/9065 2.22E-13 2.7E-11 2.53E-11 67
3 heme binding 48/843 207/9065 1.52E-09 1.43E-07 1.34E-07 48
3 extracellular matrix structural constituent 16/843 36/9065 3.34E-08 2.84E-06 2.65E-06 16

Table 3. A list of up-regulated clusters of E. coli compared to the control. 

Cluster Name GeneRatio BgRatio pvalue p.adjust qvalue Count
1 defense response to Gram-positive bacterium 27/594 67/9065 2.13E-15 3.36E-13 3.01E-13 27
1 innate immune response 28/594 101/9065 2.87E-11 3.62E-09 3.24E-09 28
1 peptidoglycan catabolic process 8/594 12/9065 1.27E-07 1E-05 8.96E-06 8
1 positive regulation of Toll signaling pathway 10/594 22/9065 4.26E-07 2.98E-05 2.67E-05 10
2 extracellular ligand-gated monoatomic ion channel activity 10/594 15/9065 3.02E-09 3.17E-07 2.84E-07 10
2 extracellular space 45/594 282/9065 1.75E-08 1.57E-06 1.41E-06 45
2 iron ion binding 33/594 206/9065 1.35E-06 7.92E-05 7.1E-05 33
3 extracellular region 78/594 352/9065 1.12E-22 7.06E-20 6.32E-20 78
3 proteolysis 42/594 149/9065 1.43E-16 4.52E-14 4.05E-14 42
3 serine-type endopeptidase activity 35/594 108/9065 4.42E-16 9.28E-14 8.31E-14 35

Table 4. A list of down-regulated clusters of E. coli compared to the control.

Cluster Name GeneRatio BgRatio pvalue p.adjust qvalue Count
1 extracellular matrix 45/957 90/9065 4.26E-21 3.89E-18 3.75E-18 45
1 chitin-based cuticle development 32/957 73/9065 2.47E-13 5.66E-11 5.45E-11 32
1 structural constituent of chitin-based larval cuticle 23/957 41/9065 8.5E-13 1.56E-10 1.5E-10 23
1 structural constituent of cuticle 24/957 48/9065 7.48E-12 1.14E-09 1.1E-09 24
2 chitin binding 35/957 67/9065 1.79E-17 8.2E-15 7.9E-15 35
2 extracellular region 87/957 352/9065 8.18E-15 2.5E-12 2.4E-12 87
2 chitin metabolic process 21/957 39/9065 2.46E-11 3.22E-09 3.1E-09 21
3 chitin catabolic process 14/957 27/9065 1.04E-07 8.68E-06 8.36E-06 14
3 extracellular matrix structural constituent 19/957 36/9065 3.53E-10 4.03E-08 3.88E-08 19
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6C). Fas-associated death domain protein (FADD), a gene 
associated with the IMD pathway, was notably expressed 
similarly in the groups treated with Bt and E. coli (Fig. 6D). 
JNK pathway-related genes were also detected, and it was 
noted that they were most highly expressed in the group 
treated with Bt and the group treated with E. coli, respec-

tively (Fig. 6E). The JNK pathway is known to regulate 
hemolymph phenoloxidase (PO) activity, hydrogen perox-
ide concentration, and hemocyte phagocytosis. In Fig. 7, it 
was observed that genes coding for antimicrobial proteins 
(AMPs) belonging to defensin, attacin, and cecropin fami-
lies were highly overexpressed. Especially noteworthy, in 

Fig. 6. Normalization counts were performed for the detected genes, and their expression levels were depicted using a bar plot. Toll 
pathway-related genes are overexpressed in the groups treated with Bt and E. coli compared to the control (A–C). Interestingly, it was 
observed that IMD pathway-related genes were expressed similarly in the groups treated with Bt and E. coli (D).

Table 5. A list of up-regulated clusters of E. coli compared to Bt.

Cluster Name GeneRatio BgRatio pvalue p.adjust qvalue Count
1 extracellular region 30/218 352/9065 1.21E-09 3.87E-07 3.34E-07 30
1 response to pheromone 7/218 12/9065 3.02E-09 4.84E-07 4.18E-07 7
1 odorant binding 8/218 20/9065 9.67E-09 1.03E-06 8.92E-07 8
1 sensory perception of chemical stimulus 8/218 27/9065 1.47E-07 7.89E-06 6.83E-06 8
2 iron ion binding 20/218 206/9065 1.02E-07 7.89E-06 6.83E-06 20
2 heme binding 19/218 207/9065 5.19E-07 2.37E-05 2.05E-05 19
2 oxidoreductase activity 18/218 193/9065 8.29E-07 2.95E-05 2.55E-05 18

3 oxidoreductase activity, acting on paired donors, with 
incorporation or reduction of molecular oxygen 16/218 160/9065 1.37E-06 4.39E-05 3.79E-05 16

3 peptidoglycan catabolic process 6/218 12/9065 1.48E-07 7.89E-06 6.83E-06 6
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the group treated with Bt, attacin-A was detected to be in-
creased by approximately 170,000 times (Fig. 7A). Some 
of the genes related to defensin family were found to in-
crease by nearly 150,000 times in the group treated with 
Bt and approximately 70,000 times in the group treated 
with E. coli (Fig. 7B). Genes related to cecropin family 
included the gene that was most highly expressed, surpass-
ing 25,000 times, in the E. coli-treated group and a gene 
that was highly expressed only in the Bt-treated group (Fig. 
7C). In Fig. 8, immunity-related genes were examined. The 
genes related to lysozyme family gene showed minimal ex-
pression in the control group, while it was highly expressed 
in both the Bt-treated and E. coli-treated groups (Figs 8A, 
S1). Genes coding for inactive serine protease and serine 
protease inhibitor were highly expressed only in the control 
group, while serine protease was highly expressed in both 

the Bt-treated and E. coli-treated groups (Fig. 8B). Simi-
larly, diverse serine protease outcomes with comparable 
trends have been confi rmed (Fig. S2). These activities are 
recognized as part of the insect’s immune system, contrib-
uting to defense against pathogens and maintaining overall 
immune homeostasis. Additionally, it was confi rmed that 
peroxidase and peritrophin related genes were predomi-
nantly highly expressed in Bt-treated samples (Fig. 8C, D). 
The functions of peroxidase include detoxifi cation, stabili-
zation of extracellular matrix, and potential involvement in 
insect immunity. Furthermore, peritrophin is known to be 
a protein involved in forming the membrane of the insect 
gut, contributing to innate immunity that protects against 
pathogenic infections. In the group treated with Bt, it is 
likely to be highly expressed because Bt toxin destroys 
insect gut cells. The proPO gene exhibited the highest ex-

Fig. 7. Normalization counts were performed for the detected antimicrobial peptides (AMPs) of the defensin, attacin, and cecropin families, 
revealing high expression levels. It was observed that attacin-A in the group treated with Bt increased signifi cantly, reaching approximately 
170,000 times higher levels (A). Defensin showed a signifi cant increase, reaching approximately 150,000 times in the Bt-treated group 
and about 70,000 times in the E. coli-treated group (B). Genes related to cecropin included both the highest expressed gene in the E. 
coli-treated group and the highest expressed gene in the Bt-treated group (C).

Table 6. A list of down-regulated clusters of E. coli compared to Bt.

Cluster Name GeneRatio BgRatio pvalue p.adjust qvalue Count
1 single-stranded DNA endodeoxyribonuclease activity 9/324 55/9065 0.000127 0.010859 0.009999 9
1 DNA topoisomerase binding 9/324 56/9065 0.000146 0.010859 0.009999 9
1 double-strand break repair via nonhomologous end joining 10/324 72/9065 0.000221 0.014364 0.013226 10
1 DNA double-strand break processing 8/324 53/9065 0.000531 0.020926 0.019269 8
1 negative regulation of chromosome organization 8/324 53/9065 0.000531 0.020926 0.019269 8
2 serine-type endopeptidase activity 16/324 108/9065 1.26E-06 0.000654 0.000602 16
2 proteolysis 17/324 149/9065 2.19E-05 0.003166 0.002915 17
3 extracellular region 31/324 352/9065 2.92E-06 0.000757 0.000697 31
3 transmembrane transporter activity 10/324 56/9065 2.44E-05 0.003166 0.002915 10
3 transmembrane transport 13/324 105/9065 8.79E-05 0.009125 0.008402 13
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pression in the group treated with E. coli, followed by ele-
vated expression in the group treated with Bt (Fig. 8E). The 
proPO gene is known to play a crucial role in the immune 
response of melanization in insects. Therefore, its elevated 
expression in the group treated with pathogens suggests its 
potential involvement in the immune response to pathogen 
treatment. 

DISCUSSION

Our results indicate that there are distinct groups of genes 
expressed in black soldier fl ies after injection with gram-
positive bacteria (Bt), gram-negative bacteria (E. coli), and 
PBS. Infections in insects have been reported to exhibit 
diff erences in gene expression depending on the type of 

Fig. 8. The results of normalization count for immunity-related genes indicate that genes associated with lysozyme were highly expressed 
either exclusively in the groups treated with both Bt and E. coli or solely in the group treated with E. coli (A). Inactive serine protease and 
serine protease inhibitor were highly expressed only in the control group, while serine protease was highly expressed in both the groups 
treated with Bt and E. coli (B). Peroxidase-related genes were highly expressed in both the Bt and E. coli groups, but predominantly in 
the Bt group (C). Peritrophin genes were mostly highly expressed in the Bt group (D). The proPO gene was most highly expressed in the 
group treated with E. coli, followed by elevated expression in the group treated with Bt (E).
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pathogen, as documented in numerous research papers 
(Greenwood et al., 2017; Ma et al., 2020; Mondotte et al., 
2020). For example, the Toll pathway is mostly activated to 
defend against gram-positive bacteria and molds. Activa-
tion of the Toll pathway begins when pathogen-associated 
molecular patterns (PAMPs) bind to pattern recognition 
receptors (PRRs) on insect immune cells, and ultimately 
acts to eliminate the pathogen via the production of vari-
ous antimicrobial peptides. At the same time, the Toll path-
way has also been reported to be involved in the activa-
tion of plasmatocytes and granulocytes, which are major 
immu nity-related hemocytes in insects (Anderson, 2000; 
Valanne et al., 2011; Alejandro et al., 2022). Additionally, 
the IMD pathway has been reported to start an immune 
response when gram-negative bacteria-binding protein 
(GNBP) in insects binds to invading gram-negative bac-
teria (Yokoi et al., 2022). Like the Toll pathway, the IMD 
pathway can also be initiated when various PRRs detect 
invading pathogens. In the case of D. melanogaster, it has 
been reported that the immune pathways initiated upon in-
vasion by gram-positive bacteria and gram-negative bacte-
ria are distinct (Hoff mann & Reichhart, 2002; Aggarwal, 
2008; Mahanta et al., 2023). 

As shown in Fig. 3, even though immunization was in-
duced by either gram-positive or gram-negative bacteria, 
it was not possible to clearly distinguish the genes related 
to the IMD and Toll pathways, or to observe over- or un-
derexpression. This can be explained by a report that, in 
many insects, the IMD pathway acts in parallel to the Toll 
pathway, which is the other essential immune pathway in 
insects (De Gregorio et al., 2002). One possible interpreta-
tion is that, in black soldier fl ies, whether immunized by 
gram-positive bacteria (Bt) or gram-negative bacteria (E. 
coli), there is no clear diff erence in the immune response, 
and that insects respond with simultaneous expression of 
innate immunity-related genes. Unlike D. melanogaster, 
in which the Toll and IMD pathways are clearly distin-
guished, H. illucens appeared to show cross-activation of 
the two pathways; this has also been reported in a previ-
ous study (Tanji et al., 2007; Aggarwal et al., 2008; Kleino 
& Silverman, 2014; Myllymäki et al., 2014; Alejandro et 
al., 2022). Similar to our fi ndings, in a previous study of 
Plautia stali, overexpression of the Toll and IMD pathway 
eff ector genes was regulated by gram-positive and gram-
negative bacteria, and the two pathways could not be dis-
tinguished, but were expressed together (Nishide et al., 
2019). In other words, these species are thought to depend 
less on a specifi c immune response and more on a rapid 
response, based on expression levels. It was speculated 
that PRRs on insect immune cells may act on both gram-
positive and gram-negative bacteria, simultaneously regu-
lating the Toll and IMD pathways. Furthermore, we noted 
a high expression of IMD-related Fas-associated death 
domain protein (FADD), serine-type endopeptidases, and 
JNK pathway-related genes in the groups treated with both 
Bt and E. coli. The Clip-Domain serine protease is known 
to regulate various innate immune responses in insects, in-
cluding processes such as melanization, cell death, blood 

clotting, and the synthesis of antimicrobial peptides (Patel, 
2017; El Moussawi et al., 2019; Sousa et al., 2020; Wang 
et al., 2021). It has been reported that JNK pathway-re-
lated genes are linked to hemolymph phenoloxidase (PO) 
activity, hydrogen peroxide concentration, and hemocyte 
phagocytosis (Marmaras et al., 1996; Zhao et al., 2001; 
González‐Santoyo & Córdoba‐Aguilar, 2012; Ma et al., 
2020; Yokoi et al., 2022). Attacin-A, which was expressed 
in high levels in the group treated with Bt, is an AMP that 
is activated in response to both gram-positive and gram-
negative bacteria, while defensin is an AMP that specifi -
cally responds to gram-positive bacteria (Buonocore et al., 
2021). In contrast, cecropin, which was expressed in high 
levels in the group treated with E. coli, is activated in re-
sponse to fungi, gram-positive, and gram-negative bacteria 
(Buonocore et al., 2021). Generally, the AMPs expressed 
in response to Bt and E. coli showed a trend for cross-
activation against both gram-negative and gram-positive 
bacteria, which is similar to our fi ndings regarding expres-
sion pathways (Figs 6 and 7). Based on these results, we 
can conclude that black soldier fl ies show a rapid, effi  cient 
immune response through cross-activated immune sys-
tems, rather than a specifi c response. As shown in Fig. 2, 
we also observed diff erences in gene expression patterns 
between the groups immunized with Bt and E. coli. These 
diff erences seem to involve genes unrelated to the Toll and 
IMD pathway eff ector genes. For example, we observed 
that peritrophin was predominantly highly expressed in 
Bt-treated samples. Peritrophin is recognized as a protein 
involved in the formation of the insect gut membrane, and 
its high expression is likely due to the destruction of insect 
gut cells by the Bt toxin (Kuraishi et al., 2011; Palma et 
al., 2014). 

The genes that are underexpressed when insects are in-
fected by pathogens come from various groups, but espe-
cially include metabolic genes and developmental genes 
(Kryukov et al., 2022). For example, in a DEG analysis 
of D. melanogaster that had been infected by Photorhab-
dus, which lives symbiotically with entomopathogenic 
nematodes, genes related to chitin metabolism, cell surface 
receptor signal transduction, and lipid metabolism were 
reported to be down-regulated as part of the immune re-
sponse (Castillo et al., 2015). Our results also showed un-
derexpression of developmental genes and genes related to 
chitin metabolism. It can be speculated that, when infected 
by a pathogen, black soldier fl ies down-regulate metabo-
lism-related genes to divert more resources to the immune 
response. 

Insects are some of the most diverse and abundant organ-
isms on the planet, and they play many important ecologi-
cal roles. In particular, black soldier fl ies are a commercial 
insect species with very high economic value, which are 
used in food waste degradation, production of fertilizer 
using manure, and as a source of food for domestic ani-
mals. Understanding the immune systems that protect in-
sects from pathogens and parasites is, therefore, crucial 
for understanding the health and stability of ecosystems. 
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We believe that our research will help to rear and maintain 
healthy H. illucens populations. 

ACKNOWLEDGEMENTS. This study was supported by the 
National Research Foundation of Korea (Project Number: NR-
F2020R1A2C1007529).

REFERENCES
A඀඀ൺඋඐൺඅ K. ๟ Sංඅඏൾඋආൺඇ N. 2008: Positive and negative regu-

lation of the Drosophila immune response. — BMB Reports 
41: 267–277.

Aඅൾඃൺඇൽඋඈ A.D., Lංඅංൺ J.P., Jൾඌනඌ M.B. ๟ Hൾඇඋඒ R.M. 2022: 
The IMD and Toll canonical immune pathways of Triatoma 
pallidipennis are preferentially activated by gram-negative and 
gram-positive bacteria, respectively, but cross-activation also 
occurs. — Parasites Vectors 15: 256, 13 pp.

Aඇൽൾඋඌඈඇ K.V. 2000: Toll signaling pathways in the innate im-
mune response. — Curr. Opin. Immunol. 12: 13–19.

Bൺඇ඀ K., Pൺඋ඄ S. ๟ Cඁඈ S. 2013: Characterization of a β‐1, 3‐
glucan recognition protein from the beet armyworm, Spodo-
ptera exigua (Insecta: Lepidoptera: Noctuidae). — Insect Sci. 
20: 575–584.

Bඎඈඇඈർඈඋൾ F., Fൺඎඌඍඈ A.M., Dൾඅඅൺ Pൾඅඅൾ G., Rඈඇർൾඏංർ T., 
Gൾඋൽඈඅ M. ๟ Pංർർඁංൾඍඍං S. 2021: Attacins: A promising class 
of insect antimicrobial peptides. — Antibiotics 10: 212, 12 pp.

Cൺඌඍංඅඅඈ J.C., Cඋൾൺඌඒ T., Kඎආൺඋං P., Sඁൾඍඍඒ A., Sඁඈ඄ൺඅ U., 
Tൺඅඅඈඇ L.J. ๟ Eඅൾൿඍඁൾඋංൺඇඈඌ I. 2015: Drosophila anti-nem-
atode and antibacterial immune regulators revealed by RNA-
Seq. — BMC Genomics 16: 1–21.

Cඁඈ Y. ๟ Cඁඈ S. 2019: Hemocyte-hemocyte adhesion by granu-
locytes is associated with cellular immunity in the cricket, 
Gryllus bimaculatus. — Sci. Rep. 9: 18066, 12 pp.

Cඁඈ Y. ๟ Cඁඈ S. 2021: Characterization of the immune hemocyte 
in larvae of Dorcus titanus castanicolor (Motschulsky, 1861)
(Lucanidae, Coleoptera). — Entomol. Res. 51: 445–452.

Cඈඈඉൾඋ D. ๟ Eඅൾൿඍඁൾඋංൺඇඈඌ I. 2017: Memory and specifi city 
in the insect immune system: current perspectives and future 
challenges. — Front. Immunol. 8: 539, 6 pp.

Dൾ Gඋൾ඀ඈඋංඈ E., Sඉൾඅඅආൺඇ P.T., Tඓඈඎ P., Rඎൻංඇ G.M. ๟ Lൾආൺං-
ඍඋൾ B. 2002: The Toll and Imd pathways are the major regula-
tors of the immune response in Drosophila. — EMBO J. 21: 
2568–2579.

Dඎൻඈඏඌ඄ංඒ I.M., Kඋඒඎ඄ඈඏൺ N.A., Gඅඎඉඈඏ V.V. ๟ Rൺඍർඅංൿൿൾ 
N.A. 2016: Encapsulation and nodulation in insects. — Invert. 
Surv. J. 13: 229–246.

Eඅ Mඈඎඌඌൺඐං L., Nൺ඄ඁඅൾඁ J., Kൺආൺඋൾൽൽංඇൾ L. ๟ Oඌඍൺ M.A. 
2019: The mosquito melanization response requires hierarchi-
cal activation of non-catalytic clip domain serine protease ho-
mologs. — PLoS Pathogens 15: e1008194, 19 pp.

Eඅൾൿඍඁൾඋංൺඇඈඌ I., Hൾඋඒൺඇඍඈ C., Bൺඌඌൺඅ T., Zඁൺඇ඀ W., Tൾඍඍൺ-
ආൺඇඍං G. ๟ Mඈඁൺආൾൽ A. 2021: Haemocyte‐mediated immu-
nity in insects: Cells, processes and associated components in 
the fi ght against pathogens and parasites. — Immunology 164: 
401–432.

Gඈ M.S., Cඁඈ Y., Pൺඋ඄ K.B., Kංආ M., Pൺඋ඄ S.S., Pൺඋ඄ J. ๟ 
Cඁඈ S. 2022: Classifi cation and characterization of immune 
haemocytes in the larvae of the Indian fritillary, Papilio hy-
perbius (Lepidopetra: Nymphalidae). — Eur. J. Entomol. 119: 
430–438.

Gඈඇඓගඅൾඓ‐Sൺඇඍඈඒඈ I. ๟ Cඬඋൽඈൻൺ‐A඀ඎංඅൺඋ A. 2012: Phenolox-
idase: a key component of the insect immune system. — Ento-
mol. Exp. Appl. 142: 1–16.

Gඋൾൾඇඐඈඈൽ J.M., Mංඅඎඍංඇඈඏංම B., Pൾඎඌඌ R., Bൾඁඋൾඇඌ S., 
Eඌඌൾඋ D., Rඈඌൾඇඌඍංൾඅ P., Sർඁඎඅൾඇൻඎඋ඀ H. ๟ Kඎඋඍඓ J. 2017: 

Oral immune priming with Bacillus thuringiensis induces a 
shift in the gene expression of Tribolium castaneum larvae. — 
BMC Genomics 18: 1–14.

Gඈආൾඌ F.M., Sංඅඏൺ M., Mඈඅංඇൺ-Cඋඎඓ A. ๟ Bൺඋංඅඅൺඌ-Mඎඋඒ C. 
2022: Molecular mechanisms of insect immune memory and 
pathogen transmission. — PLoS Pathogens 18: e1010939, 11 
pp.

Hඈൿൿආൺඇඇ J.A. 2003: The immune response of Drosophila. — 
Nature 426: 33–38.

Hඈൿൿආൺඇඇ J.A. ๟ Rൾංർඁඁൺඋඍ J.M. 2002: Drosophila innate im-
munity: an evolutionary perspective. — Nature Immunol. 3: 
121–126.

Jൺඇൾඐൺඒ Jඋ C.A. ๟ Mൾൽඓඁංඍඈඏ R. 2002: Innate immune recogni-
tion. — Annu. Rev. Immunol. 20: 197–216.

Jൾඇඌൾඇ H., Eඅඅൾൻඒ C., Dඈආටඇ඀ඎൾඓ I.P., Cඁൺඍඓඈඉඈඎඅඈඌ T. ๟ 
Cඁൺඋඅൾൻඈංඌ P. 2021: Insect-based protein feed: From fork to 
farm. — J. Insects Food Feed 7: 1219–1233.

Kඅൾංඇඈ A. ๟ Sංඅඏൾඋආൺඇ N. 2014: The Drosophila IMD pathway 
in the activation of the humoral immune response. — Devel. 
Compar. Immunol. 42: 25–35.

Kඋඒඎ඄ඈඏ V.Yඎ., Cඁൾඋඇඒൺ඄ E.I., Kඋඒඎ඄ඈඏൺ N., Tඒඎඋංඇ M., 
Kඋංඏඈඉൺඅඈඏ A., Yൺඋඈඌඅൺඏඍඌൾඏൺ O., Sൾඇൽൾඋඌ඄ංඒ I., Pඈඅൾඇඈ඀ඈ-
ඏൺ O., Zඁංඋൺ඄ඈඏඌ඄ൺංൺ E., Gඅඎඉඈඏ V.V. ๟ Mඈඋඈඓඈඏ S.V. 2022: 
Parasitoid venom alters the lipid composition and development 
of microorganisms on the wax moth cuticle.  — Entomol. Exp. 
Appl. 170: 852–868. 

Kඎඋൺංඌඁං T., Bංඇ඀඀ൾඅං O., Oඉඈඍൺ O., Bඎർඁඈඇ N. ๟ Lൾආൺංඍඋൾ B. 
2011: Genetic evidence for a protective role of the peritrophic 
matrix against intestinal bacterial infection in Drosophila mel-
anogaster. — Proc. Natn. Acad. Sci. 108: 15966–15971.

Kඐඈඇ H., Bൺඇ඀ K. ๟ Cඁඈ S. 2014: Characterization of the 
hemocytes in larvae of Protaetia brevitarsis seulensis: involve-
ment of granulocyte-mediated phagocytosis. — PLoS ONE 9: 
e103620, 12 pp.

Lൺඏංඇൾ M.D. ๟ Sඍඋൺඇൽ M.R. 2002: Insect hemocytes and their 
role in immunity. — Insect Biochem. Mol. Biol. 32: 1295–1309.

Mൺ L., Lංඎ L., Zඁൺඈ Y., Yൺඇ඀ L., Cඁൾඇ C., Lං Z. ๟ Lඎ Z. 2020: 
JNK pathway plays a key role in the immune system of the pea 
aphid and is regulated by microRNA-184. — PLoS Pathogens 
16: e1008627, 24 pp.

Mൺඁൺඇඍൺ D.K., Bඁඈං T.K., Kඈආൺඅ J., Sൺආൺඅ I., Nං඄ඁංඅ R.M., 
Pൺඌർඁൺඉඎඋ A.U., Sංඇ඀ඁ G., Kඎආൺඋ P.V.D., Dൾඌൺං H.R., 
Aඁආൺൽ M.A., Sංඇ඀ඁ P.P., Mൺඃඁං P.K., Mඎ඄ඁൾඋඃൾൾ U., Sංඇ඀ඁ 
V., Sඁൺඁൺඇൺඓ, Sඋංඇංඏൺඌൺ N. ๟ Yൾඅൾ Y. 2023: Insect-pathogen 
crosstalk and the cellular-molecular mechanisms of insect im-
munity: uncovering the underlying signaling pathways and 
immune regulatory function of non-coding RNAs. — Front. 
Immunol. 14: 2023, 19 pp.

Mൺඋආൺඋൺඌ V.J., Cඁൺඋൺඅൺආൻංൽංඌ N.D. ๟ Zൾඋඏൺඌ C.G. 1996: Im-
mune response in insects: the role of phenoloxidase in defense 
reactions in relation to melanization and sclerotization. — 
Arch. Insect Biochem. Physiol. 31: 119–133. 

Mඈඇൽඈඍඍൾ J.A., Gൺඎඌඌඈඇ V., Fඋൺඇ඀ൾඎඅ L., Sඎඓඎ඄ං Y., Vൺඓൾංඅඅൾ 
M., Mඈඇ඀ൾඅඅං V., Bඅൺඇർ H., Fൺංඅඅඈඎඑ A.B. ๟ Sൺඅൾඁ M.C. 
2020: Evidence for long-lasting transgenerational antiviral im-
munity in insects. — Cell Reports 33: 108506, 19 pp. 

Mඈඋඍൺඓൺඏං A., Wංඅඅංൺආඌ B.A., MർCඎൾ K., Sർඁൺൾൿൿൾඋ L. ๟ 
Wඈඅൽ B. 2008: Mapping and quantifying mammalian tran-
scriptomes by RNA-Seq. — Nature Meth. 5: 621–628.

Mඒඅඅඒආඟ඄ං H., Vൺඅൺඇඇൾ S. ๟ Rඟආൾඍ M. 2014: The Drosophila 
imd signaling pathway. — J. Immunol. 192: 3455–3462.

Nංඌඁංൽൾ Y., Kൺ඀ൾඒൺආൺ D., Yඈ඄ඈං K., Jඈඎඋൺ඄ඎ A., Tൺඇൺ඄ൺ H., 
Fඎඍൺඁൺඌඁං R. ๟ Fඎ඄ൺඍඌඎ T. 2019: Functional crosstalk across 
IMD and Toll pathways: insight into the evolution of incom-
plete immune cascades. — Proc. R. Soc. (B) 286: 2018–2207.



95

Cho & Cho, Eur. J. Entomol. 121: 83–97, 2024 doi: 10.14411/eje.2024.012

Pൺඅආൺ L., Mඎඪඈඓ D., Bൾඋඋඒ C., Mඎඋංඅඅඈ J. ๟ Cൺൻൺඅඅൾඋඈ P. 
2014: Bacillus thuringiensis toxins: an overview of their bioc-
idal activity. — Toxins 6: 3296–3325.

Pൺඋ඄ J.Y., Kඐൺ඄ K.W., Cඁඈං J.Y., Lൾൾ S.E., Kංආ Y.S., Kඈඈ B., 
Kංආ E., Pൺඋ඄ K. ๟ Kංආ S.Y. 2021: Ethanol extract of Hermetia 
illucens larvae inhibits adipogenesis in 3T3-L1 adipocytes. — 
J. Life Sci. 31: 1094–1099.

Pൺඌ඄ൾඐංඍඓ S.M., Rൾൾඌൾ‐Sඍൺඋൽඒ S. ๟ Gඈඋආൺඇ M.J. 1999: An 
easter‐like serine protease from Anopheles gambiae exhibits 
changes in transcript abundance following immune challenge. 
— Insect Mol. Biol. 8: 329–337.

Pൺඍൾඅ S. 2017: A critical review on serine protease: key immune 
manipulator and pathology mediator. — Allergol. Immuno-
pathol. 45: 579–591.

Sඈඎඌൺ G.L., Bංඌඁඇඈං R., Bൺඑඍൾඋ R.H. ๟ Pඈඏൾඅඈඇൾඌ M. 2020: 
The CLIP-domain serine protease CLIPC9 regulates melaniza-
tion downstream of SPCLIP1, CLIPA8, and CLIPA28 in the 
malaria vector Anopheles gambiae. — PLoS Pathogens 16: 
e1008985, 29 pp.

Sඍൺආൾඋ A. 2015: Insect proteins – a new source for animal feed: 
The use of insect larvae to recycle food waste in high‐quality 
protein for livestock and aquaculture feeds is held back largely 
owing to regulatory hurdles. — EMBO Rep. 16: 676–680.

Sඍඋൺඇൽ M.R. 2008: The insect cellular immune response. — In-
sect Sci. 15: 1–14.

Tൺඇඃං T., Hඎ X., Wൾൻൾඋ A.N. ๟ Iඉ Y.T. 2007: Toll and IMD path-
ways synergistically activate an innate immune response in 
Drosophila melanogaster. — Mol. Cell. Biol. 27: 4578–4588.

Tඈආൻൾඋඅංඇ J.K. ๟ Vൺඇ Hඎංඌ A. 2020: Black soldier fl y from pest 
to ‘crown jewel’ of the insects as feed industry: an historical 
perspective. — J. Insects Food Feed 26: 1–4.

Vൺඅൺඇඇൾ S., Wൺඇ඀ J.H. ๟ Rඟආൾඍ M. 2011: The Drosophila toll 
signaling pathway. — J. Immunol. 186: 649–656.

Vඈ඀ൾඅ H., Mඳඅඅൾඋ A., Hൾർ඄ൾඅ D.G., Gඎඍඓൾංඍ H. ๟ Vංඅർංඇඌ඄ൺඌ 
A. 2018: Nutritional immunology: diversifi cation and diet-
dependent expression of antimicrobial peptides in the black 
soldier fl y Hermetia illucens. — Devel. Compar. Immunol. 78: 
141–148.

Wൺඇ඀ Y.S. ๟ Sඁൾඅඈආං M. 2017: Review of black soldier fl y (Her-
metia illucens) as animal feed and human food. — Foods 6: 
91, 23 pp.

Wൺඇ඀ H.C., Wൺඇ඀ Q.H., Bඁඈඐආංർ඄ B., Lං Y.X. ๟ Hൺඇ Q. 2021: 
Functional characterization of two clip domain serine proteas-
es in innate immune responses of Aedes aegypti. — Parasites 
Vectors 14: 1–13.

Yඈ඄ඈං K., Iඍඈ W., Kൺඍඈ D. ๟ Mංඎඋൺ K. 2022: RNA interference-
based characterization of Caspar, DREDD and FADD genes in 
immune signaling pathways of the red fl our beetle, Tribolium 
castaneum (Coleoptera: Tenebrionidae). — Eur. J. Entomol. 
119: 23–35.

Zඁൺඇ඀ H., Yൺඇ඀ K., Wൺඇ඀ H., Lංඎ H., Sඁං W., Kൺൻൺ඄ L., Jං R. 
๟ Hඎ H. 2023: Molecular and biochemical changes in Locusta 
migratoria (Orthoptera: Acrididae) infected with Paranosema 
locustae.  — J. Insect Sci. 23: 1, 8 pp.

Zඁൺඈ X., Sආൺඋඍඍ C.T., Lං J. ๟ Cඁඋංඌඍൾඇඌൾඇ B.M. 2001: Aedes 
aegypti peroxidase gene characterization and developmental 
expression. — Insect Biochem. Mol. Biol. 31: 481–490.

Received September 13, 2023; revised and accepted February 21, 2024
Published online March 22, 2024

Supplementary Figs S1, S2 follow on next page.



96

Cho & Cho, Eur. J. Entomol. 121: 83–97, 2024 doi: 10.14411/eje.2024.012

Fig. S1. The expression of lysozyme-like genes in the control, Bt-treated, and E. coli-treated groups. Various lysozyme-like genes were 
expressed in the E. coli-treated group. The lysozyme 1-like gene in particular exhibited high expression in both the Bt-treated and E. coli-
treated groups.
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Fig. S2. The expression of serine protease-like genes in the control, Bt-treated, and E. coli-treated groups. Various serine protease-like 
genes were expressed in the Bt-treated or E. coli-treated groups. In particular, the serine protease 7-like and serine protease snake-like 
genes exhibited high expression in both the Bt-treated and E. coli-treated groups.


