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Abstract: Cadmium (Cd) is the most serious heavy metal pollutant in the agricultural soil of China
and can transfer and accumulate through the food chain and affect the growth, development and
physiological processes of phytophagous insect. Glyphodes pyloalis Walker (G. pyloalis) is one of the
most important pests of mulberry, and there are few studies on the adverse effects of heavy metals on
insects, especially mulberry pests. To understand the toxicology of Cd exposure on G. pyloalis, we
investigated the effects of three different concentrations of Cd (0, 3.89 and 51.69 mg/kg, labeled as
control check (CK), low dose (LD) and high dose (HD)) on the development and detoxification mech-
anism of G. pyloalis and explored the molecular mechanism of Cd on G. pyloalis larvae using RNA-seq
technology. Transcriptome analysis showed that compared with the CK, a total of 63 differentially
expressed genes (DEGs) were identified in LD exposure, including 24 upregulated and 39 downregu-
lated candidates. In CK versus HD groups, 395 upregulated DEGs and 436 downregulated DEGs
were identified and the expression patterns of 12 genes related to detoxification and metabolism
were verified using qPCR. These DEGs were relevant to multiple specific peroxisome and drug
metabolism-cytochrome P450 pathways. Gene annotation and quantitative real-time PCR revealed
that a high concentration of Cd significantly stimulated the expression of metabolic detoxification
enzyme genes. The results revealed that Cd exposure changed the pupal weight, adult emergence
rate and the activities of AKP, ACP and GST in G. pyloalis and induced notable adverse effects at
the molecular level on detoxification and metabolism such as concentration and time differences. In
addition, we silenced CYP12A2 by RNA interference. Bioassays showed that after silencing CYP12A2,
the survival rate of G. pyloalis under Cd exposure was lower than that of the control group.
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1. Introduction

The swift progress of industrialization and urbanization has resulted in the substantial
release of heavy metals into the environment. Consequently, heavy metal pollution is
progressively emerging as a primary global environmental concern [1]. Anthropogenic
activities have led to the substantial discharge of heavy metals into the ecosystem, resulting
in an increased concentration of these metals in soil, water and even the atmosphere [2].
Plants have the capacity to absorb heavy metals from the soil, leading to their accumulation
in various plant parts [3]. Phytophagous insects can accumulate these heavy metals in
their bodies through feeding on contaminated plants. Accumulation of heavy metals in
phytophagous insects can impact their growth and reproduction [4]. The survival rate can
decline, the reproductive rate can be reduced, abnormal growth can occur and their lifespan
can shorten [5-8]. Furthermore, the accumulation of heavy metals can trigger the excessive
generation of reactive oxygen species (ROS) in insects, thereby causing various oxidative
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stress reactions in insects [9,10] and can induce or inhibit gene expression and destroy the
function of essential metals homeostasis [11], even causing apoptosis or morphological
changes in insects [12]. Moreover, initial exposure to heavy metals can influence the
sensitivity of insects to subsequent exposure sources [13]. For example, insects exposed to
heavy metal exposure show reduced sensitivity to insecticides, making pest control more
difficult [14]. In addition, insect nutrient accumulation is inhibited by heavy metals [15].

Detoxifying enzymes play a crucial role in the defense system of insects against exter-
nal stress. Changes in the activity of detoxification enzymes can reveal the physiological
state of insects under stress conditions, serving as an early warning signal for stress to
various pollutants [16-18]. Glutathione S-transferase (GST) comprises a family of detoxifi-
cation enzymes that operate through various isoenzymes. It serves as a crucial component
of the intracellular detoxification mechanism in almost all animals. GST exhibits significant
heavy metal binding activity, a feature that plays a protective role in shielding insects from
the deleterious effects of heavy metal toxicity [19]. Phosphatases are metalloenzymes that
catalyze the hydrolysis of phosphomonoesters and participate in transphosphorylation
processes [20]. Acid phosphatase (ACP) and alkaline phosphatase (AKP) play pivotal roles
in insect detoxification. Cd exposure induces noteworthy alterations in the activities of
AKP and ACP in Lymantria dispar, thereby influencing their physiological traits [21,22].
Stubberud et al. assessed ACP enzymes as a sensitive biomarker [23]. In addition, RNA
interference (RNAi) has great potential in the study of gene function. Zhang et al. revealed
that employing RNAI to silence MT2B significantly diminished the survival rate of Hermetia
illucens following exposure to Cd exposure [24].

Glyphodes pyloalis Walker (Lepidoptera: Pyralidae) is a major pest of mulberry trees
that is widely distributed in the Asia-Pacific region and Africa and is easy to reproduce and
outbreak [25], seriously affects the yield of mulberry leaves. This pest not only competes
with Bombyx mori Linnaeus (Lepidoptera: Bombycidae) for food but also contaminates
mulberry leaves with excreted feces. At the same time, the G. pyloalis may also carry the
virus that causes silkworms disease, increasing in the incidence of silkworm disease [26].
Cd is the most serious heavy metal contaminant in agricultural soils in China and research
has revealed that mulberry trees are prone to accumulating Cd [27]. However, the response
mechanism of G. pyloalis to Cd exposure is still unclear.

In the present study, we determined the impact of Cd exposure on the development
and growth of G. pyloalis larvae. Additionally, we evaluated the molecular responses
to detoxifying enzymes (AKP, ACP and GST) and used RNA-sequencing (RNA-seq) to
elucidate the molecular mechanism of the effect of Cd on the detoxification of G. pyloalis
larvae at the transcriptional level. The transcriptome after Cd exposure at different levels
were analyzed using RNAI to silence key detoxification genes, providing a novel insight
into the mechanism underlying the Cd exposure response of G. pyloalis. The main purpose
of this study is to understand the biological damage and detoxification mechanism of Cd
exposure to G. pyloalis larvae from the aspects of metabolism, detoxification and growth.

2. Materials and Methods
2.1. Insect Rearing and Cd Exposure

G. pyloalis were sampled from the mulberry garden of Jiangsu University of Science
and Technology, Zhen Jiang, Jiangsu Province, China. G. pyloalis were artificially raised
in the laboratory for more than 60 generations. The newly hatched larvae were reared
with mulberry leaves in an illuminated incubator at 26 °C, 65 £+ 1% RH and 16:8 L:D
photoperiod. Upon reaching the second instar, G. pyloalis larvae were partitioned into
three groups, with each group comprising three replicates and each replicate consisting
of 80 larvae. The G. pyloalis larvae were raised in plastic boxes (22 x 14 x 9 c¢m) to fifth
instar. Each treatment set three biology repetitions. Three different concentrations of CdCl,
solutions (0, 3.89 and 51.69 mg/kg) were prepared with CdCl, 2.5H,0 (Aladdin, Shanghai,
China). Fresh mulberry leaves were soaked in CdCl, solution for 10 s and then taken out.
After natural drying, they were used to feed G. pyloalis larvae and replace mulberry leaves
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daily until G. pyloalis reached the fifth instar. G. pyloalis from each treatment group were
collected, three per group, each treatment was replicates three times, and the larvae were
stored at —80 °C for RNA extraction.

Refer to the concentration selection method of Jiang et al. [28,29]. The Cd concentra-
tions were 0 (CK), 3.89 (LD) and 51.69 (HD) mg/kg. According to our preliminary test, this
was based on 10% inhibitory concentration (ICqy, the concentration of Cd exposure that
was required for 10% weight inhibition of G. pyloalis larvae from the second instar to fifth
instar) and 50% inhibitory concentration (ICsp) (Supplementary Materials).

2.2. Effects of Cd Exposure on the Growth and Development of G. pyloalis

Three concentrations of Cd (CK, LD and HD) were used to treat the second instar G.
pyloalis, and the survival and pupation rate of the larvae were evaluated. Pupae weights
of G. pyloalis were evaluated 48 h after pupation, and the emergence rate of the G. pyloalis
was determined. Each treatment comprised 30 larvae, with three replicates established.
Mulberry leaves were replaced daily until all larvae either pupated or succumbed. Survival,
pupation and emergence rates were calculated as follows: survival rate of larvae = (the
number of larvae close to pupation/total number of test insect) x 100%; pupation rate = (the
number of pupae/the number of larvae close to pupation) x 100%; emergence rate = (the
number of adults/the number of pupae) x 100%.

2.3. Assay of Detoxification Enzymes

The treatment procedure for G. pyloalis larvae remained consistent with the afore-
mentioned method. Subsequently, the larvae of the three treatment groups were collected,
with six larvae sampled at each instar. This process was repeated three times. Following
weighing, normal saline was added at a ratio of 1:9 (m/V). The mixture was homoge-
nized in an ice bath, after which the homogenate underwent centrifugation at 4 °C and
2500 r/min for 10 min. The resulting supernatant solution was utilized as the test solution
for detoxifying enzymes. The activities of detoxification enzymes AKP, ACP and GST in
the third to fifth instar larvae of G. pyloalis were determined using commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China). The determination method followed
the instructions provided for each enzyme activity kit and the protein content of the enzyme
solution was assessed using the Bradford method [30].

ACP and AKP (U/mg protein) = (measurement group absorbance value/standard group
absorbance value) x the amount of phenol in standard group/(protein concentration of sample to
be teste x sampling amount of homogenate supernatant)

GST activity (U/mg protein) = [(control group absorbance value — measurement group
absorbance value)/(standard group absorbance value — blank group absorbance value)] x
concentration of standard preparation x dilution multiple/reaction time/(sampling amount of
homogenate supernatant x protein concentration of sample to be tested)

2.4. RNA Extraction, Library Construction and Illumina Sequencing

The fifth instar G. pyloalis treated with three Cd concentrations were collected, with
six larvae collected for each treatment and three replicates per group. RNA was extracted
from whole bodies of insect. TRIzol Reagent (Invitrogen, Waltham, MA, USA) was used to
extract total RNA according to the manufacturer protocol. Transcriptome sequencing was
carried out by OE biotech Co., Ltd. (Shanghai, China). The quality and integrity of the RNA
were evaluated using a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
and agarose gel electrophoresis. Subsequently, libraries were constructed using VAHTS
Universal V6 RNA-seq Library Prep Kit (Illumina, San Diego, CA, USA) for Illumina
according to the manufacturer’s instruction. The libraries were finally sequenced using
the Illumina Novaseq 6000 platform (Illumina, San Diego, CA, USA). A total of 150 bp
paired-end reads were generated. The raw reads from the images were generated using the
INlumina GA Pipeline V.1.6 (Illumina, San Diego, CA, USA).

The raw data was processed by Trimmomatic to remove adapter sequences, poly-N,
and lower quality sequences, thereby producing clean reads for subsequent analysis [31].
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The obtained clean reads were utilized by the Trinity software (version: r20140413p1) to
reassemble the transcriptome (accession number SUB13926501), resulting in the generation
of contigs and unigenes [32].

2.5. De Novo Assembly and Annotation

Different databases were used to make single genes in the unigenes in the transcrip-
tion group of G. pyloalis differences, including the non-redundant protein (NR) and non-
redundant nucleotide (NT) sequence databases of NCBI, the Kyoto Encyclopedia of Genes
and Genomes (KEGG) database, clusters of orthologous groups of proteins (KOG/COG),
cluster of orthologous groups of proteins/Eukaryotic Orthologous Group (COG/KOG),
protein family (Pfam) database and Swiss-Prot protein (Swiss-Prot) [33,34]. Based on these
seven databases, identify candidate cDNA sequences used the Basic Local Alignment
Search Tool (e-value <1 x 107°).

2.6. Analysis of DEGs

The expression levels of the genes were evaluated by RNA-Seq by expectation max-
imization (RSEM) and fragments per kilobase of exon per million fragments mapped
(FPKM). After annotating the unigene, the number of reads aligned to the unigene and
the FPKM of the unigene for each sample species were calculated using bowtie2 (v2.4.5)
and eXpress software (v3.0.1), respectively [35,36]. The fold difference was calculated
using DESeq2 software (v1.10.1) [37], and unigenes meeting the criteria of p < 0.05 and
fold change > 2 or fold change < 0.5 were considered to be significantly differentially ex-
pressed. GO enrichment and KEGG pathway enrichment analysis of DEGs were performed
respectively using R (v 3.2.0) based on the hypergeometric distribution.

2.7. RT-gPCR Analysis

To verify the transcriptome sequencing data, a total of 12 genes related to detoxification
metabolism of G. pyloalis were selected from LD vs. CK and HD vs. CK for real-time PCR
(qPCR) analysis (Table S5). cDNA was synthesized through reverse transcription reaction
using Hifair® III 1st Strand cDNA Synthesis SuperMix for qPCR.

The gene-specific primer was designed by PrimerBlast (http://www.ncbi.nlm.nih.
gov/tools/primer-blast, accessed on 22 May 2022) and synthesized by Sangon Biotech
Co., Ltd. (Shanghai, China) (Table S1). G. pyloalis ribosomal protein L32 (Rpl32) was used
as a stably expressed reference gene. qPCR was performed in 20 pL reaction volumes
including10 uL of 2 x SYBR® Green Supermix gPCR Master Mix, 2 uL of cDNA, 0.8 pL of
both forward and reverse primers and 7.2 pL of RNase-free H,O using LightCycler® 96
platform (Roche, Basel, Switzerland). The qPCR cycling conditions consisted of an initial
denaturation at 95 °C for 30 s, followed by 45 cycles of annealing at 95 °C for 10 s and
extension at 60 °C for 30 s. The analysis of relative gene expression levels was conducted
employing the 2~ ~Ct method [38].

2.8. RNAi and Bioassay

SiRNA oligos targeting specific genes were designed using BLOCK-i™ RNAi Designer
(Table S6). Green fluorescent protein (GFP) was employed as a control. Subsequently,
following the manufacturer instructions, siRNA was synthesized using an in vitro Tran-
scription T7 Kit (Takara, Dalian, China) [39]. The second instar G. pyloalis larvae were
exposed to Cd with CK, LD and HD concentrations. According to the expression of
CYPI12A2 in different instars, 1 puL (1 pg/uL) of siCYP12A2 was injected into the third
instar larvae by microinjector, and the same amount of siGFP was injected as the control
group. After the injection was completed, the treated larvae were placed back to the
original treatment conditions to continue feeding. After 24 h of injection, the larvae of
each treatment were collected and the interference efficiency was verified by qPCR. To
investigate the impact of CYP12A2 knock-down on the susceptibility of G. pyloalis to Cd,
toxicity bioassays were conducted simultaneously with siRNA injection. Subsequently,
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the injected larvae were reintroduced to their initial treatment conditions for continuous
feeding until pupation, and their survival rates were recorded. Each concentration involved
the injection of 30 larvae, with three replicates established.

2.9. Statistical Analysis

The data were analyzed by one-way analysis of variance (ANOVA) followed by LSD
multiple comparison test using SPSS 20.0 and the differences were considered statistically
significant (p < 0.05). The different letters indicate significant differences at p < 0.05. Values
are given as means + SD.

3. Result
3.1. Effect of Cd on the Growth and Development of G. pyloalis

To determine the impact of Cd exposure on the growth and development of the G.
pyloalis, the larval survival rate, pupation rate, pupal weight and adult emergence rate were
measured (Figure 1). Cd exposure exhibited no discernible effect on the larval survival rate
and pupation rate. However, the pupal weight of LD and HD groups were significantly
less than that of CK group and exhibited a positive correlation with Cd concentration
(Figure 1B). The adult emergence rate of HD group was significantly lower than that of CK
and LD groups (Figure 1D).
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Figure 1. Effect of Cd exposure on (A) larval survival rate, (B) pupae weight, (C) pupation rate and
(D) adult emergence rate of G. pyloalis. Different letters indicate significant differences at p < 0.05.

3.2. Effects of Cd Exposure on Activities of Detoxification Enzymes

The detoxification enzyme activity of the third instar larvae of G. pyloalis treated with
three doses of Cd (CK, LD and HD) was measured (Figure 2). Compared with the CK
group, the AKP activity of the third instar larvae in the LD and HD groups significantly
reduced while the activity in the fourth and fifth instar larvae remained unaffected by
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the Cd concentration (Figure 2A). Compared with the CK group, the ACP activity of
the LD group was significantly reduced in the fifth instar larvae however the difference
between the fourth instar was not significant. Under HD treatment, the ACP activity of
third and fifth instar larvae were significantly lower than that of the CK group while it was
slightly lower at fourth instar than that of the CK group. However, the difference was not
statistically significant (Figure 2B).

Activities of AKP (U/mg prot)

3rd 4th Sth

=

Activities of ACP (U/mg prot)

3rd 4th Sth

3rd 4th Sth

Figure 2. Effects of Cd exposure on detoxification enzyme activity in G. pyloalis (A) AKP, (B) ACP
and (C) GST. Different letters represent significance of difference between different treatment concen-
trations at same instar.



Agronomy 2024, 14, 626

7 of 18

After Cd exposure, the GST activity in G. pyloalis exhibited significant changes. Com-
pared with the CK group, the GST activity of the LD group decreased significantly at the
third instar but was slightly higher than that of the CK group at the fourth and fifth instar.
When G. pyloalis was exposed to high concentration of Cd, GST activity was significantly
reduced in all three groups (Figure 2C). The difference in enzyme activity in the larvae of G.
pyloalis may be attributed to the detoxification strategy in G. pyloalis under Cd exposure.

3.3. Sequencing of the G. pyloalis Transcriptome and De Novo Assembly

To study the transcription reaction of G. pyloalis to varying concentrations of Cd, nine
cDNA libraries were built. Libraries were named correspondingly to the Cd treatment each
received (CK, LD and HD), and each treatment generated three biological replicates. The
nine cDNA libraries produced 66.54 G of raw data. Following the removal of low-quality
reads, 64.64 G of clean data were obtained (Table S2).

Obtaining a total of 29,978 unigenes, the cumulative length reached 41,173,146 bp. The
longest unigene had a length of 28,864 bp, while the average unigene length was 1373 bp,
with an N50 of 2240 bp. Of these, 9159 (30.55%), 7963 (26.56%), 6509 (21.71%) and 6347
(21.17%) unigens had lengths of 301-500 bp, 501-1000 bp, 1001-2000 bp and >2000 bp,
respectively (Figure S1). These results shows that the data quality was high and suitable
for subsequent analysis and annotation.

3.4. Functional Annotation and Classification of Genes

A total of 29,978 unigenes were annotated based on seven databases, including NR,
eggNOG, KEGG, Swiss-ProT, Pfam, GO and KOG databases. Among them, 17,368 (57.94%)
unigenes were annotated in at least one database, while 3407 (11.37%) unigenes being
annotated in seven databases (Table S3). In addition, 12,610 (42.06%) unigenes remained
unannotated in any database, which may represent homologous genes.

According to the analysis of the annotation results, unigenes were mostly annotated
by the NR database, as high as 17,292 (57.68%). According to the NR database annotation
results, the most homologous genes of Ostrinia furnacalis (51.92%), subsequently Chilo sup-
pressalis (11.35%), Galleria mellonella (4.33%) and Amyelois transitella (3.18%). The remaining
29.22% sequences and other insect sequences have good homology (Figure S2).

3.5. SSR Analysis

MISA tools were used to predict 29,978 unigenes and the SSR sites were subsequently
analyzed with Prime3. This analysis resulted in the identified 4479 SSR sites (accounting
for 14.94% of the total unigenes), with 3631 of the sequences containing more than one SSR
(Table S4). Within all SSRs, mononucleotides had the most repeat types, accounting for
63.36%. Pentanucleotide had the least repeat types, accounting for 0.25% (Figure S3).

3.6. Statistical Analysis of DEG Number in Different Treatments

To explore the expression of DEGs under Cd stress and reveal the toxic mechanism of
Cd stress, the DEGs of expression levels among the three groups (CK, LD and HD) were
calculated and compared and the DEGs of the LD and HD groups compared with the CK
group were identified. There was a total of 63 DEGs between CK and LD, of which 24 were
upregulated and 39 were downregulated. There were a total of 831 DEGs between CK and
HD, of which 395 were upregulated and 436 were downregulated. The quantity of DEGs
between CK and HD was significantly higher than that between CK and LD. In addition,
the main overview of the main expression of LD and HD on the heat map provides a
general understanding of changes in gene expression (Figure 3).
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Figure 3. Heat maps showing expression patterns of DEGs (A) LD vs. CK and (B) HD vs. CK.

3.7. GO Analysis of DEGs

Single genes were usually grouped into three different categories: biological process
(BP), cell component (CC) and molecular function (MF). In order to clarify the main
biological function of G. pyloalis under Cd exposure, the differences of the obtained genes
were analyzed according to the three categories. Through sequence homologous analysis,
10,173 (33.93%) genes were divided into 53 functional groups (Figure 54). Cell, cell part,
cellular process, binding and organelle were the top five abundant levels of GO terms. The
DEGs numbers were 8199 (80.60%), 8172 (80.33%), 7734 (76.02%), 6439 (63.29%) and 6417
(63.08%), respectively.

In this study, the biological functions of the DEGs were assessed through GO enrich-
ment analysis (Figure 4). The DEGs that were upregulated between CK and LD were
significantly enriched in 18 functional categories, including “zinc ion binding”, “fatty acid
elongation, monounsaturated fatty acid”, “fatty acid elongation, polyunsaturated fatty
acid”, “fatty acid elongation” and other terms, while the downregulated DEGs were signif-
icantly enriched in 15 GO terms. The number of downregulated DEGs was observed to
be lower than that of upregulated DEGs (Figure 4A). The DEGs upregulated between CK
and HD were significantly enriched in 25 functional categories, including DNA integration,
nucleic acid binding, endonuclease activity and other terms, while the downregulated
DEGs were mainly enriched in the extracellular region, Z disc and nutrient reservoir activity
(Figure 4B). The GO functional analysis revealed that the number of genes differentially
expressed between CK and HD was higher than that between CK and LD, which may
explain the higher percentage of genes involved in response to stimuli [40]. The results of
the study show that exposure to high concentrations of Cd can stimulate more genes.
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KEGG pathways were categorized into six categories: metabolism, genetic information

processing, environmental information processing, cellular processes, organismal systems
and human diseases. The biological significance of DEGs was further evaluated through

Figure 4. GO analysis of DEGs in G. pyloalis transcriptome. (A) LD vs. CK and (B) HD vs. CK.
the KEGG pathway enrichment analysis (Figure 5).

3.8. KEGG Analysis of DEGs



Agronomy 2024, 14, 626

10 0of 18

LD-vs-CK(Total)

KEGG Enrichment top 20

Peroxisome~|

ECM-receptor interaction§
FoxO signaling pathway
MAPK signaling pathway A

Amyotrophic lateral sclerosis (ALS)
Arrhythmogenic right ventricular cardio
Dilated cardiomyopathy (DCM) A
Hypertrophic cardiomyopathy (HCM)

Pentose phosphate pathway
Tryptophan metabolism

Glyoxylate and dicarboxylate metaboli
Fatty acid elongation

Biosynthesis of unsaturated fatty acids{
Ascorbate and aldarate metabolism

Longevity regulating pathway - worm+
Longevity regulating pathway - multipl 4
Longevity regulating pathway
Oxytocin signaling pathway

Cardiac muscle contraction

Adrenergic signaling in cardiomyocytes

B

10 15 20
Enrichment Score

HD-vs-CK(Total)
KEGG Enrichment top 20

25

Peroxisome{

AMPK signaling pathway-l

Chemical carcinogenesis{

Fatty acid biosynthesis

Arachidonic acid metabolism

Steroid hormone biosynthesis
Porphyrin and chlorophyll metabolism{
Metabolism of xenobiotics by cytochro A
Arginine and proline metabolism

Drug metabolism - cytochrome P450 1
Pentose and glucuronate interconversi
Drug metabolism - other enzymesH

Longevity regulating pathway - multipl 1
Insulin signaling pathway

Longevity regulating pathway 1
Adrenergic signaling in cardiomyocytes
PPAR signaling pathway

Longevity regulating pathway - worm

Protein digestion and absorption{ ®

Pancreatic secretion

Enrichment Score

D |
® |
°
{
.
°
[ J
[
°
o
[ J
4 6 8 10

diRd

diaug

‘gewny

‘qerap

sebio

gewnt diauz - diRD

‘qersi

“sebi0

Number
e 1.00
@® 125
@® 150
@ 75
@ 200

pvalue

1 X 10!

5X 102

Number

© o

®
pvalue

2 X 10?2

1X 102

Figure 5. KEGG pathway enrichment analysis of G. pyloalis after exposure to Cd. (A) LD vs. CK and

(B) HD vs. CK.

Figure 5 shows the 20 most-enriched KEGG pathways. The DEGs were enriched in
peroxisome, longevity regulating pathway, AMPK signaling pathway, insulin signaling
pathway, drug metabolism (cytochrome P450), metabolism of xenobiotics by cytochrome
P450, adrenergic signaling in cardiomyocytes and fatty acid biosynthesis. These results
suggest that exposure to Cd promotes the expression of several related metabolic and

detoxification genes of G. pyloalis.
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3.9. Validation by RT-gPCR

To further validate the accuracy of the DEGs library, Rpl32 was used as the reference
gene, 12 DEGs related to detoxification and metabolism were selected and RT-qPCR was
used to tests relative expression level. The gene expression results in the RT-qPCR analysis
were accordance with the trend variation shown in the RNA-seq data (Figure 6). This is
consistent with the trend of transcriptome changes (Table S5).
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Figure 6. All 12 DEGs were validated by RT-qPCR. Y axis represents fold change relative to concen-
tration of CK.

3.10. RNAi and Survivial Rate

To examine the role of CYP12A2 in G. pyloalis under Cd exposure, RNAi was employed
to inhibit its expression in G. pyloalis larvae. Figure 7 shows the expression levels of
CYP12A2 in various instars of G. pyloalis. Given the imminent pupation of the fifth instar
larvae and the high expression of CYP12A2 in the third instar larvae of G. pyloalis, siRNA
was injected during the third instar larvae stage. After 24 h, compared with the control
group, the expression levels of CYP12A2 in CK, LD and HD decreased to 65.7%, 69.8% and
62.1%, respectively (Figure 7B). The survival rate of G. pyloalis injected with siCYP12A2
was markedly lower than that of G. pyloalis injected with siGFP. This suggests that the
knockdown of CYP12A2 significantly heightened the sensitivity of the G. pyloalis to Cd
(Figure 7C).
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4. Discussion

As a prevalent environmental pollutant, heavy metals have been increasingly demon-
strated to impact the physiology and biochemistry, life parameters and population dynam-
ics of phytophagous insects [41-43]. The study showed the effects of Cd exposure on the
development, detoxification mechanism and gene expression of G. pyloalis. The results
revealed that Cd exposure had no significant effects on the survival and pupation rate of G.
pyloalis. This finding aligns with the results of Jiang and Yan'’s study, who observed that
the survival and pupation of Lymantria dispar were unaffected when fed on Populus alba
berolinensis exposed to heavy metal [44]. The reason for this result may be that insects have
an effective detoxification system in their bodies which can reduce the impact of heavy
metals exposure on insect survival rate and pupation rate. After Cd enters the body of
G. pyloalis larvae, it triggers detoxification enzymes and protective enzymes to protect G.
pyloalis which may weaken the toxicity of Cd to G. pyloalis larvae. Furthermore, our study
showed that Cd exposure had decreased the pupal weight and adult emergence rate of
the G. pyloalis larvae. Previous study has confirmed that the weight, body length, head
capsule width and pupal weight of Pterostichus oblongopunctatus were inhibited under Cd
exposure [45]. After the organism is subjected to external stress, a portion of the energy
intake is utilized for detoxification metabolism, thereby affecting its own physiological
function. [46]. However, there are also different results. For example, Stolpe and Miiller
found that the survival rate of Myzus persicae larvae was significantly reduced under Zn
and Cd exposure [47]. Studies also have demonstrated that varying concentrations of
heavy metals exert distinct effects on the growth and development of phytophagous insects.
When exposed to low concentrations of Cu, the developmental duration of Spodoptera
litura larvae significantly shortened while it markedly prolonged under high concentration
exposure [48].

Previous research has reported that one of the main toxic effects of Cd on insects was
the generation of oxidative stress, which can lead to the production of reactive ROS within
insects and subsequent cellular damage [49,50]. Detoxifying enzymes serve a crucial role
in averting oxidative stress and protecting organisms against ROS [51]. In the defense
system of insects, AKP and ACP are important detoxification enzymes, which play an
important part in resisting the harm of foreign substances [21]. In this study, the alterations
in ACP activity in third and fifth instar larvae exhibited a negative correlation with the
Cd concentration. Simultaneously, the AKP activity of the third instar of G. pyloalis was
negatively correlated with the Cd concentration. Wu and Yi’s study showed that Pb
exposure inhibited the activities of ACP and AKP in Galleria mellonella [52]. In addition,
after being subjected to Pb and Cu exposure, the Sphaerodema urinator exhibits a decrease in
AKRP activity [53]. On one hand, the decline in ACP activity may be attributed to the direct
impact of Cd on enzyme molecules, as numerous in vitro experiments have demonstrated
the inhibitory effect of Cd on the enzyme [54]. On the other hand, it could result from
the damage inflicted on cells by ROS induced by Cd, indirectly leading to a reduction in
enzyme activity. The suppression of AKP activity may result from Cd-induced alterations
in the structure of its enzyme molecules [55]. Furthermore, the modulation of AKP activity
implies an enhancement of the body’s resistance to external interference, thereby indirectly
reinforcing its non-specific immunity. The decrease of ACP and AKP activity suggest that
Cd could interfere with the detoxification and metabolic function of G. pyloalis to a certain
extent, showing its toxic effect.

GST is a commonly used biomarker for ecotoxicity detection due to its easy induction
and measurement characteristics [56]. Its primary function is involvement in the detoxifi-
cation and metabolism of harmful substances in insects. GST, as a class II detoxification
enzyme system, plays a central role in secondary metabolism of exogenous substances and
defending against environmental pollutants [57]. Additionally, a deficiency in GST can
increase the risk of cellular oxidative damage [19,58]. In our study, Cd exposure inhibited
the activity of GST in G. pyloalis larvae. Zhang et al. similarly reported that GST activity in
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O. chinensis was inhibited after Cd exposure, which increased the risk of oxidative damage
to cells [59].

Genes associated with stress are frequently employed as indicators to monitor eco-
toxicity, as their expression is influenced by heavy metals and other environmental pollu-
tants [60,61]. For example, in Trachyderma hispida, the expressions of HSP70 and MT genes
were also used to monitor oxidative stress parameters in the assessment of soil pollution in
industrial areas [62]. In this study, the RNA-seq was used to study the molecular mech-
anism of the different responses of G. pyloalis larvae under Cd exposure. A total of 63
and 831 DEGs were identified under LD and HD, respectively. These results showed that
after G. pyloalis were exposed to higher concentrations of Cd, in order to offset unfavorable
environmental conditions, it changed the expression of multiple genes. The GO functional
analysis unveiled a greater number of DEGs between CK and HD compared to CK and
LD, which explained the higher proportion of genes involved in response to stimuli. These
results of the study implied that high concentrations of Cd exposure activate various cel-
lular processes, enzymes and metabolic pathways in G. pyloalis larvae, resulting in the
regulating and activating of a higher number of genes. The DEGs between CK and LD are
also enriched in DNA integration and nucleic acid binding, indicating that Cd seriously
affected the process of DNA replication, transcription and translation in cells [63].

KEGG enrichment analysis revealed highly significant expression of DEGs between
CK and LD and HD on the peroxisome pathway. Peroxisomes are organelles within cells
that perform essential functions such as redox reactions and detoxification reactions and
has the function of detoxification and metabolism [64]. Such enrichment underlines the
innate response of the G. pyloalis to manage Cd induced exposure by initiating metabolic
and detoxification responses. In addition, the DEGs between CK and HD were significantly
enriched in the insulin signaling pathway, which plays a crucial role in regulating the
growth, senescence and reproduction of insects [65]. The DEGs between CK and HD were
also significantly enriched in the fatty acid synthesis, which usually plays an active role
in resisting environmental stress [66]. Xenobiotic biodegradation and metabolism emerge
as crucial strategies employed by insects to combat xenobiotic harm and thrive in chal-
lenging environments [67]. Of which, xenobiotic biodegradation and metabolism includes
drug metabolism-cytochrome P450, drug metabolism-other enzymes and metabolism of
xenobiotics by cytochrome P450 [68,69]. The results of this study show that metabolism of
xenobiotics by cytochrome P450 was one of the most abundant pathways in CK and HD.
P450s were a class of metabolic detoxification enzymes, which play an important role in
the resistance of the insect to pesticides and heavy metals [13,70]. Meng et al. found that
the transcription levels of CsCYP307Al, CsCYP306A1 and CsCYP314Al were induced when
Chilo suppressalis was exposed to chlorantraniliprole at specific developmental stages [71].
This observation suggests that the mechanism of insect tolerance to heavy metals may share
similarities with that of certain pesticides. Our findings suggest that CYP12A2 may serve
as a pivotal detoxification gene in response to Cd exposure. The knockdown of CYP12A2
resulted in a significant decrease in the survival rate of G. pyloalis under Cd exposure, indi-
cating a key role for CYP12A2 in the response of G. pyloalis to Cd exposure. In addition, the
contamination of the environment with heavy metals decreased the sensitivity of insects to
insecticides, thereby posing a threat to agricultural production. For example, the sensitivity
of S. litura to alpha-cypermethrin and fenvalerate decreased under Pb exposure [72]. There-
fore, in order to reduce the cost of pest control, the control intensity should be adjusted
according to the degree of heavy metal pollution in the local area so as to obtain better
control effect. In addition, whether the change in the sensitivity to insecticides is suitable
for pre-exposed Cd G. pyloalis larvae will be studied in our subsequent experiments.

5. Conclusions

In conclusion, we discussed the toxic effects of Cd on G. pyloalis and focused on
development, detoxification mechanisms and gene expression. The study showed that
Cd exposure affects the growth of G. pyloalis, influencing the activities of AKP, ACP and
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GST. These variations were observed to be dependent on both time and concentration.
The decrease of detoxification enzyme activity suggested that Cd could interfere with
the detoxification and metabolic functions of G. pyloalis. Transcriptome revealed that
different concentrations of Cd had different effects on metabolism and detoxification of G.
pyloalis. G. pyloalis triggers a response strategy to Cd toxicity by changing the expression of
genes that are associated with metabolism and detoxification system. This study further
elucidated the toxicity of G. pyloalis exposed to different concentrations of Cd exposure
at the transcriptome level and gained a comprehensive understanding of the molecular
mechanism of G. pyloalis exposure to Cd toxicity. CYP12A2 was identified as a crucial gene
affecting Cd exposure by RNAi, which can be further studied. Furthermore, investigating
the alterations in insecticidal sensitivity following heavy metal stress in insects is a focal
point of our forthcoming research.
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frequency of SSR motifs in tested G. pyloalis transcriptome; Figure S4: Classification of the gene ontol-
ogy for the transcriptome of G. pyloalis 10,173 (33.93%) of the total unigenes were categorized into 53
function groups; Table S1: Primers used for PCR in G. pyloalis; Table S2: Quality of G. pyloalis clean
reads; Table S3: Functional annotation of the G. pyloalis transcriptome; Table S4: Summary of SSR
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