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Abstract. Bombyx mandarina is one of prevalent pests in mulberry gardens during summer and autumn, posing significant chal-
lenges to sericulture across China. Glutathione S-transferase (GST), a vital detoxification enzyme in insects, plays a crucial role
in protecting organisms from DNA damage and oxidative stress. In this study, the GSTo3 gene, coding glutathione S-transferase
of B. mandarina, was cloned and its physicochemical properties and structures were predicted using bioinformatics tools. The
relative expression levels in various tissues and induced transcriptional levels were detected by using qRT-PCR. Results revealed
a 99.17% sequence similarity of GSTo3 gene between B. mandarina and Bombyx mori. It is mainly distributed in the head, fat
body and epidermis tissues of B. mandarina larvae. After BmNPV infection, elevated GSTo3 expression levels were observed in
the midgut. The transcriptional levels of GSTo3 gene were significantly up-regulated after exposure to phoxim, deltamethrin and
chlorfenapyr exposure respectively in the fat body and midgut of B. mandarina. These findings underscore the significance of
GSTo3 gene in exogenous materials metabolism and provide a new perspective on the resistance mechanism in B. mandarina.

INTRODUCTION

Bombyx mandarina, an important pest in mulberry gar-
dens, feeds on mulberry leaves and was widespread across
China, becoming one of the main insect pests in mulberry
gardens during summer and autumn (Yokoyama et al.,
2021). The larvae of B. mandarina feed on young mulber-
ry leaves, often resulting in extensive damage to mulberry
trees (Kumar et al., 2019). B. mandarina has strong resist-
ance and tolerance in the wild environment, making it is
difficult to control (Wan et al., 2021). Moreover, B. manda-
rina not only causes significant damage to mulberry trees
but also impacts tree formation and indirectly transmits
microparticle diseases through feces and residual liquid to
Bombyx mori, especially through cross-infection, which
poses hidden dangers to Bombyx mori breeding (Zhang,
2016). The pupae of B. mandarina exhibit diapause, and
the hatching of eggs is prolonged, resulting in asynchro-
nous group development and the occurrence of overlap-
ping generations (Huang, 1985). The wild silkworm B.

mandarina living in the natural environment, has strong
stress resistance and adaptability after harsh natural selec-
tion (Kumar et al., 2019). Although most B. mandarina are
susceptible to insecticides, some with strong resistance or
in a specific growth stage (such as the egg or pupal stage)
can escape the harm of insecticides, which is another main
reason why B. mandarina is difficult to control (Shen et al.,
2003). Chinese B. mandarina are closely related to Chi-
nese Bombyx mori. Japanese B. mandarina have 27 chro-
mosomes per haploid genome, while Chinese B. manda-
rina carry 28 chromosomes, the same number as domestic
Bombyx mori (Banno et al., 2004).

Bombyx mandarina can also be infected by Bombyx mori
nuclear polyhedrosis virus (BmNPV), a common virus in
the sericulture industry, leading to hematogenous pyosis of
silkworms (Ding et al., 2023a). B. mandarina can contami-
nate mulberry leaves through feces, residual liquid, etc.,
and can indirectly transmit diseases to domestic silkworms,
especially the cross-infection of BmNPV to domestic silk-
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worms, which will bring great harm to sericulture (Ding
et al., 2023b). O, O-diethyl O-(alpha-cyanobenzylidenea-
mino) phosphorothioate (phoxim) is an effective organic
phosphorus pesticide widely used in agriculture due to its
broad-spectrum activity (Kurauchi et al., 2009). Phoxim
exposure mainly inhibits the activity of acetylcholinest-
erase, leading to the accumulation of acetylcholine in the
postsynaptic membrane and the eventual death of pests (Li
et al., 2016). Deltamethrin insecticides are characterized
by high activity, a wide insecticidal spectrum, fast efficacy,
and low toxicity to humans and animals (Saillenfait et al.,
2015). Deltamethrin is a type II synthetic pyrethroid used
worldwide as an insecticide and acaricide (Anadon et al.,
2009). Deltamethrin is renowned for its high toxicity to in-
sects. It exerts contact and stomach toxicity, delivers rapid
knockdown effects, and lacks fumigant and systemic ac-
tion. Moreover, it exhibits repellent properties against cer-
tain pests at elevated concentrations (Yousef et al., 20006).
Chlorfenapyr is a pyrrole insecticide whose insecticidal
mechanism mainly interferes with the mitochondrial oxi-
dative phosphorylation process in insect cells, leading to
the disruption of ATP production and cell death (Black et
al., 1994). However, many insects are becoming more re-
sistant to such pesticides.

Insects acquire resistance by two main mechanisms: re-
ducing the sensitivity of acetylcholinesterase (AChE) to
organophosphorus insecticides and increasing the activity
of enzymes hydrolyzing and isolating organophosphorus
pesticides, including estinases (EST), cytochrome P450
monooxygenase, and glutathione S-transferase (Hafeez et
al., 2022). Studies have shown that excessive expression of
detoxification enzymes and enhanced product activity are
the main causes of resistance to pyrethroids and organo-
phosphorus insecticides in insects (Papadopoulos et al.,
2000). Changes in the expression level or gene structure
of detoxification enzymes directly lead to corresponding
changes in their detoxification capacity. Numerous studies
have demonstrated a close association between the over-
expression of induced detoxification genes and insecticide
resistance in insects (Zhang et al., 2018). Glutathione S-
transferase is a multifunctional phase II enzyme that plays
a central role in the detoxification of endogenous and het-
erologous biological compounds (Zuo et al., 2007; Koi-
rala et al., 2022). High resistance to insecticides in insect
pests is associated with high GST enzyme activity (Patra et
al., 2022). It has been shown that the GSTd1, GSTo3, and
GSTs1 genes in Bombyx mori are involved in the response
to many exogenous substances (Wang et al., 2013). Studies
have shown that GS7o/ may play a role in organophos-
phorus pesticide resistance (Pavlidi et al., 2018). Insects
typically exhibit the highest expression of GSTs in vital
detoxification tissues such as the fat body and midgut (Yu
et al., 2008). Additionally, GSTs are distributed in other tis-
sues such as the epidermis, Malpighian tubules, and head
(Zhao et al., 2011). Understanding the important role of
the detoxification enzyme family in the metabolism and re-
sistance to insecticides such as phoxim, deltamethrin, and
chlorfenapyr makes it crucial.
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In this study, a glutathione S-transferase GS703 gene of
B. mandarina was cloned and sequenced, and the second-
ary and tertiary structures of its related amino acids were
predicted. Then the changes in GS703 gene expression
in 39 day 5" instar stage B. mandarina were determined
after feeding three insecticides, namely phoxim, deltame-
thrin and chlorfenapyr, for 24 and 48 h. The expression
levels of GSTo3 gene in eight tissues of normal silkworm
as well as two tissues inducted by BmNPV were detected.
The functional characteristics of glutathione S-transferases
in B. mandarina were predicted by analyzing the changes
of GSTo3 gene expression in different situations. The re-
sults showed that the B. mandarina detoxification enzyme
GSTo3 has a high degree of homology and specificity in the
detoxification process of insects. The results of quantitative
PCR showed high expression of GS703 in the fat body and
midgut tissues of B. mandarina, suggesting that it plays
an important role in pesticide metabolism and detoxifica-
tion processes. The expression of glutathione-S-transferase
GSTo3 changed in different pesticide treatment groups,
confirming its important role in pesticide metabolism (Yu
et al., 2008). In addition, lepidopteran insects play impor-
tant ecological roles in ecosystems, such as the hierarchical
relationships in pollination and the food chain (Wang et al.,
2016). The study on effects of pesticides on these insects
will enhance our understanding of their broader impact on
ecosystems, offering a scientific foundation for environ-
mental protection and sustainable agriculture.

MATERIAL AND METHODS

Insects

The larvae of B. mandarina used in this research were provided
by the Sericulture Research Institute of the Chinese Academy of
Agricultural Sciences and raised mulberry leaves at 25°C+1°C
and 60%-75% relative humidity on a 12L:12D cycle under
standard conditions.

Chemicals and reagents

The phoxim pesticides for the experiment were obtained from
Guangzhou Yinanong Biochemical Company Limited, Guang-
zhou City, Guangdong Province, China, and the deltamethrin
pesticides were obtained from Bayer CropScience Co (China).
The chlorfenapyr pesticides were obtained from Hercules Bio-
technology Company, Jiangxi Province, China.

Pesticide and BmNPV treatment

Reagent preparation: To create a 500 ml solution with a con-
centration of 4 ng/mL, combine 2 ml of the original phoxim solu-
tion with 498 ml of distilled water. Then, to achieve a concentra-
tion of 0.4 ng/mL, dilute 2 ml of the previously prepared solution
with 498 ml of distilled water (Peng et al., 2011). Deltamethrin
and chlorfenapyr were diluted according to this method, and the
concentrations of deltamethrin were 0.02 mg/L and 0.002 mg/L;
the diluted concentration of chlorfenapyr was 100 mg/L and 10
mg/L (Chai et al., 2010). The diluted solution was used as the
working solution. Mulberry leaves were immersed in 500 ml of
the working solution for 1 min and air dried. Mulberry leaves
treated with distilled water were used as a control, and 3" day 5™
instar stage larvae were fed with three kinds of insecticides for
24 hand 48 h.

The 3" day 5" instar stage larvae of B. mandarina were fed with
mulberry leaves impregnated with a concentration of 1.0 x 108
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POBs/mL BmNPV (POBs: polyhedral occlusion bodies) suspen-
sion for 8 h and then switched to fresh non-toxic mulberry leaves,
with mulberry leaves impregnated with distilled water fed at the
same time as a control group. Five larvae were taken from each
group at each time point after 24 h, 48 h and 72 h of treatment
(Yu et al., 2022).

Extraction of total RNA

After 24 h of mulberry leaf treatment, a part of B. mandari-
na was separated from fat body and midgut tissue and stored at
—80°C. Total RNA was extracted from tissues using the Nanjing
Pro FreeZol Reagent kit and reverse transcribed using the Nan-
jing Pro HiScript II 1st Strand cDNA Synthesis Kit. The above
procedure was repeated after 48 h. The head, hemolymph, Mal-
pighian tubule, midgut, fat body, posterior silk glands, middle silk
glands and epidermis of B. mandarina were taken, and the total
RNA was extracted from the tissue using the FreeZol Reagent kit
and reverse transcribed using the HiScript II 1st Strand cDNA
Synthesis Kit. BmNPV was used to infect B. mandarina, and the
above operation was repeated after 24, 48 and 72 h; for qPCR,
PerfectStart® Green qPCR SuperMix reagent of Beijing Total
Gold Biotechnology Co., Ltd. was used.

PCR amplification of the coding region of BmmGSTo3

With reference to the sequence information of the coding region
of the glutathione S-transferase gene obtained from the NCBI da-
tabase (DQ443293), the primers required for the experiment were
produced by Novizan Biotechnology Co., Ltd. (Nanjing). The
midgut cDNA from B. mandarina was used as a template for PCR
amplification. PCR amplification system: 94°C pre-denaturation
for 5 min; 95°C denaturation for 20 s, 48°C annealing for 20 s
(annealing temperature according to primer design), 72°C exten-
sion for 5 min, 32 cycles; 72°C final extension for 10 min, 4°C
preservation. Quantitative PCR with a total of 20 uL of system re-
action, and the program was as follows: pre-denaturation at 95°C
for 3 min; denaturation at 95°C for 10 s, annealing at 60°C for 30
s, 40 cycles; 95°C for 15 s, 60°C for 60 s, 95°C for 15 s. PCR re-
actions were performed with three technical replicates. SnapGene
software was used to design the amplification primers (Table 1).

Construction of the phylogenetic tree

Using MEGA-X to construct phylogenetic trees based on
GSTo3 amino acid sequences of B. mandarina and other insects
by the neighbor-joining method for 1,000 times. The online web-
site iTOL (https://itol.embl.de) is used to decorate the phyloge-
netic tree.

Statistical analysis

Statistical analysis was performed using SPSS software, paired
t-test (two-tailed) and significant difference analysis. Differences
in tissue expression after insecticide treatment were considered
statistically significant. The * indicates significant difference
(P<0.05), ** indicates very significant difference (P<0.01) and
*** indicates the difference is super significant (P <0.001).

Table 1. Primers associated with PCR.
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RESULTS

Cloning and sequence characterisation of GSTo3
gene in B. mandarina

The sequence of coding region of the glutathione S-
transferase (GS703) gene in B. mandarina was obtained by
PCR amplification, and sequencing service was provided
by Sangon Biotech (Shanghai) Co., Ltd. The open reading
frame (ORF) of the gene was verified by sequencing to be
723 bp long, encoding 240 amino acids (Fig. 1). The predict-
ed molecular formula of the gene was C,; | H ., N,, 0, S/
There were no transmembrane regions and signal peptides.
In comparison with the CDS sequence of GS703 gene, the
CDS sequence of GSTo3 gene was 99.17% similar to the
CDS sequence of Bombyx mori GSTo3 gene (Fig. 1). In
comparison with the amino acid sequence of GS703 gene
of other species, the amino acid sequence encoded by
GSTo03 in B. mandarina has high homology with insects of
Bombyx mori, Pailio machano, Paolio xuthus, Cnaphalo
crocis and Ostrinia furnacalis, but lower homology with
mammals and plants. These results indicate that the protein
encoded by the GSTo03 gene has structural features typical
of insect glutathione S-transferase (Fig. 2).

The amino acid phylogenetic tree of GSTo3 gene
of B. mandarina

Based on the GSTo3 amino acid sequence of B. man-
darina, the phylogenetic tree was constructed by homol-
ogy with the GSTo3 amino acid sequence of Bombyx mori,
Pailio machano, Paolio xuthus, Cnaphalo crocis, Ostrinia
furnacalis, Cydia pomonella, Spodoptera exigua and Heli-
coverpa armigera. The results showed that the amino acid
sequence of B. mandarina GSTo3 was closely related to
the amino acid sequence of Bombyx mori, Pailio machano,
Paolio xuthus, Cnaphalo crocis and Ostrinia furnacalis,
but far related to the amino acid sequence of Cydia pomo-

nella, Spodoptera exigua and Helicoverpa armigera (Fig.
3).

Protein structure prediction of GSTo3 gene
of B. mandarina

The secondary structure and the tertiary structure of the
B. mandarina GSTo3 protein were predicted in https://
npsa-prabi.ibep.fr/cgi-bin/npsa_automat.pl?page=/NPSA/
npsa_gor4.html and https://swissmodel.expasy.org respec-
tively. The sequence analysis of amino acid secondary
structure showed that the gene encoded 240 amino acids,
containing 37.08% of random coil, 41.67% of a-helix,
15.83% of extended strand and 5.42% of B-turn (Fig. 4).

The results demonstrated significant homology of the
GSTo3 protein, with characteristic features typical of the

Primer name Primer sequence (5'-3") Tm (°C) Product length (bp)
Actin3-F CGGCTACTCGTTCACTACC 59.72 147
Actin3-R CCGTCGGGAAGTTCGTAAG 59.72

BmmGSTo3-F ATGACTTATTTTCACTCCGTAAACG 50.8 723
BmmGSTo3-R CTACAAATAATAGCCCATAGAATGC 52.5

BmmGSTo3-gPCR-F TCTGCGACTACCTGGATG 53.9 145
BmmGSTo3--gPCR-R TGGATGTATCTGCTCACTTC 51.2
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Fig. 1. CDS sequence comparison of GSTo3 gene between B. mandarina and domestic Bombyx mori. Note: The black background base

similarity is 100%; the dark gray background base similarity is 100% to 75%; and the gray background base similarity is 75% to 50%.

glutathione S-transferase family, including the N-terminal
sequence, the central glutathione-binding domain, and a
phosphorylation site at the C-terminal. Furthermore, the
sequence exhibited several conserved amino acid motifs,
indicating evolutionary conservation.

Expression levels of BmmGSTo3 gene in different
tissues

The expressions of GSTo3 at transcriptional level were
detected by using real-time quantitative PCR. The results
revealed that the expression levels of GS7o3 varied signifi-
cantly in different tissues of the 3 day 5" instar stage lar-
vae. It was highly expressed in the head, middle silk gland,
and epidermis of 5" instar larvae, with the highest expres-
sion in the epidermis and relatively low expression levels
in other tissues (Fig. 5).
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Effect of feeding BmNPV on the expression level
of BmmGSTo3 gene

To explore the expression level changes of BmmGSTo3
gene in response to BmNPV in B. mandarina, real-time
fluorescence quantitative PCR was used for determination.
The relative expression level changes of BmmGSTo3 gene
in hemolymph and midgut were detected at 24 h, 48 h, and
72 h after feeding BmNPV. In hemolymph, the expression
levels of BmmGSTo3 gene were all up-regulated at 24, 48,
and 72 h after treatment with no significance, while the
expression in the midgut was increased by 1.60, 1.80, and
5.63 times at the same time points. Interestingly, due to
the massive amplification of the virus at 72 h after feed-
ing, the transcriptional level of BmmGST03 gene was in-
creased significantly (Fig. 6). These results indicated that

ZZZOZZTIT T

fekel

pgmldym wpw

Fig. 2. Comparison of the amino acid sequence of the B. mandarina GSTo3 protein with the sequences of other species. Note: The black
background base similarity is 100%; the dark gray background base similarity is 100% to 75%; and the gray background base similarity

is 75% to 50%.
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Fig. 3. Phylogenetic tree of GSTo3 proteins of B. mandarina and
other species based on amino acid sequences constructed by
neighbor-joining method (1000 replicates).

BmNPYV virus infection had a significant effect on GS703
gene expression in B. mandarina, and the expression level
increased with increasing infection time. However, the
specific antiviral mechanism of GSTo3 in B. mandarina
remains unclear, providing a direction for future studies.

Expression of BmmGSTo3 gene can be induced
by insecticides

As a kind of detoxification enzyme, glutathione S-
transferase may be involved in metabolism of exogenous
substances such as insecticides. In this study, three kinds
of common insecticides (phoxim, deltamethrin and chlor-
fenapyr) were chosen to examine the effects on the expres-
sion of BmmGSTo3 gene. As shown in Fig. 7, the expres-
sion of BmmGSTo3 gene can be induced by all three kinds
of insecticides in both the fat body and midgut. However,
an interesting result was that the expression of BmmGSTo3
was up-regulated at 24 h after adding a low concentration
of phoxim, while it was down-regulated by high concen-
tration of phoxim (Fig. 7D). The same trends appeared
after deltamethrin treatment (Fig. 7E). Two concentrations
of chlorfenapyr can significantly induce the expression of
BmmGSTo3, and a certain concentration effect was pre-
sented (Fig. 7C and Fig. 7F).
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Fig. 5. Relative expression level of BmmGSTo3 gene in different
tissues of 5 instar larvae of B. mandarina. The results are ex-
pressed as mean S.E. HD — head; HE — hemolymph; MT — mal-
pighian tubule; MG — midgut; FB — fat body; PS — posterior silk
gland; MS — middle silk gland; EP — epidermis. Values represent
means + SEM (N = 3).

DISCUSSION

Using genetic data obtained from the NCBI database
for the indigenous insect B. mandarina, we successfully
cloned the GSTo3 gene in B. mandarina. This gene exhibits
typical characteristics of the GST family, including con-
served N-terminal and C-terminal sequences (Vaish et al.,
2020). Sequence comparison at the amino acid level re-
vealed a striking similarity between B. mandarina GSTo3
gene and its homolog in Bombyx mori, with a 99.17% iden-
tity and this is in agreement with the results of previous
studies (Gonis et al., 2022). Additionally, analysis of the
predicted amino acid secondary structure of GSTo3 in B.
mandarina indicated the absence of a signal peptide, which
suggests that it may be a protein unrelated to signaling.

The main mechanisms of insecticide detoxification pre-
sent in insects include reduced epidermal permeability,
mutations at target sites, and increased levels of metabolic
detoxification enzymes such as GST, P450 (Shao et al.,
2021). In addition, previous studies have also demonstrat-

Fig. 4. Predicted two-dimensional structure of amino acids and protein three-dimensional structure based on B. mandarina GSTo3 gene.

A — secondary structure; B — three-dimensional structure.
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Fig. 6. Expression of GSTo3 gene in different tissues of B. mandarina in 3 day 5" instar stage after feeding BmNPV. A — hemolymph;
B — midgut. Asterisks denote significant differences between treatments and controls, as determined using pairwise T-test (**p < 0.01, ***p

<0.001). Values represent means + SEM (N = 3).

ed that higher expression levels of GSTs lead to insecticide
tolerance or resistance in insects (Chen, 2017). After care-
ful exploration in this study, it was found that the GSTo3
gene of the B. mandarina is expressed in all eight tissues of
the 3*day 5" instar stage larvac. However, it is noteworthy
that the transcription level of this gene is higher in the head
and epidermis tissues than in other tissues, indicating that
the GSTo3 gene may play an important role in the detoxi-
fication of these tissues. Generally speaking, the Bombyx
mori nuclear polyhedrosis virus infects Bombyx mori or
Bombyx mandarina orally and enters various tissues and
organs through the flow of hemolymph (Lin et al., 2024).

The notable alterations in GS703 expression observed
in hemolymph and midgut of B. mandarina following
BmNPYV infection suggested a potential involvement of the
GSTo3 gene in response to viral infection. Specifically, nu-
merous studies have demonstrated that the overexpression
of induced detoxification genes is related to insect resist-
ance to virus (Fang, 2010). Glutathione S-transferase sig-
nificantly enhanced the antioxidant capacity of silkworms
infected with BmNPV (Qian et al., 2022). This disclosed
a novel avenue for our forthcoming investigations into the
antiviral mechanisms of B. mandarina.
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Fig. 7. Relative expression level of BmmGSTo3 gene in different tissues of B. mandarina in 3 day 5" instar stage after treatment with
three kinds of pesticides. A — Phoxim treatment in fat body; B — Deltamethrin treatment in fat body; C — Chlorfenapyr treatment in fat body;
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The midgut and fat body are the main detoxification or-
gans for insecticides in insects. The expression levels of
detoxification enzymes in midgut and fat body were detect-
ed using real-time quantitative PCR. The results indicated
that all three kinds of insecticides treatments led to a sig-
nificant up-regulation of detoxification genes at 48 h after
treatment, suggesting their involvement in the metabolism
and detoxification of the three kinds of insecticides. Ac-
cordingly, we preliminarily speculated that this phenom-
enon may be closely related to the unique detoxification
functions of these two tissues. The expression of GS703 in
the fat body and midgut of B. mandarina was elevated after
the three kinds of insecticides, which is consistent with
previous studies of Bombyx mori glutathione S-transferase
(Yu et al., 2008). This further confirmed the important role
of GSTo3 in insecticide resistance in B. mandarina. The
trend of GST03 regulation was consistent in the phoxim
and deltamethrin-treated groups, which may indicate that
the two insecticides have similar effects on the expression
levels of GSTo3 gene in B. mandarina (Zhao et al., 2010).
The increased expression of GST03 gene was particularly
significant in the chlorfenapyr-treated group, which may
be related to the strong toxicity of chlorfenapyr on B. man-
darina. Furthermore, our findings indicated a close cor-
relation between insecticide resistance and the expression
level of GSTo3 gene. This presents a vital clue for further
elucidating the detoxification and resistance mechanisms
in B. mandarina. In addition, it is interesting that low con-
centrations of phoxim and deltamethrin cause upregulation
of GSTo3 at 24 h as opposed to high concentrations. We
speculated that the upregulation of GSTo3 expression in-
duced by low concentrations of pesticides at 24 h may be
a stress response, while high concentrations of pesticides
may cause damage to the insect tissues. Interestingly, it re-
covered at 48 h after treatment.

In summary, the present study not only helped us to gain
a deeper understanding of the detoxification and resist-
ance mechanism of B. mandarina, but also provided an
important theoretical basis for the practice of pest control
and the development of new insecticides. Meanwhile, this
study also provides a useful reference for further exploring
the adaptation mechanism of B. mandarina in response to
environmental pressure. Future research endeavors could
focus on the functional validation of the GS703 gene in B.
mandarina and elucidate its regulatory mechanisms under
diverse environmental stressors. Such investigations will
contribute to a more comprehensive understanding of B.
mandarina biology and its interactions with the environ-
ment, thus furnishing more scientifically sound strategies
for pest management and ecological preservation.
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