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effects of fipronil on Binodoxys
communis larvae based on
transcriptome sequencing
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Fipronil is widely used in the agricultural world as an efficient phenylpyrazole
insecticide to control pests. Binodoxys communis is a key parasitic natural
enemy of major homopteran pests and can successfully control the population
of pests such as cotton aphids. It has not yet been studied what effects would
sublethal doses of fipronil have on Binodoxys communis larvae. Here, this study
evaluated the effect of fipronil on Binodoxys communis larvae and analyze the
transcriptome results. The results showed that LCyo (1.19 mg/L) and LCys
(1.73mg/L) had significant negative effects on the survival rate and
parasitism rate of Fy generation. Moreover, exposure to high concentrations
(LCss) of fipronil still had obvious passive effect on the F; generation of
Binodoxys communis. These results indicated that sublethal doses of fipronil
have malignant effects on the biological functions of parasitoids and their
offspring. The results of transcriptome analysis showed that differentially
expressed genes (DEGs) of Binodoxys communis after LCio treatment are
mainly related to immunity and detoxification. LC,s treatment instead
resulted in changes in the expression of genes related to nutrition, energy
and metabolism reactions. Seven of the identified DEGs were selected for real-
time fluorescence quantitative PCR analysis. To the best of our knowledge, this
is the first report to evaluate the sublethal, intergenerational, and transcriptomic
side effects of fipronil on larvae of parasitic natural pest enemies. Our findings
provide data to accurately assess the risk of fipronil usage on Binodoxys
communis larvae, and provide important theoretical support for the
comprehensive prevention and control of natural enemies and pesticides.
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Introduction

Insects have the ability to regulate and support the ecosystem
in which they live, as such they are key members of both
farmland and terrestrial ecosystems. In recent years, global
have

insect populations

anthropogenic pollution, appearance and migration of invasive

changed dramatically due to

species, and climate change (Sdnchez-Bayo and Wyckhuys, 2019;
Seibold et al., 2019; Wagner, 2020). In order to ensure the yield of
food crops, a large number of chemical pesticides are currently
used for pest control, inevitably damaging non-target beneficial
natural enemies of the pest being targeted (Overton et al., 2021;
Sanchez-Bayo, 2021). It is necessary to establish a balance
between pesticide usage and the presence of beneficial natural
enemies of pests. Studying the impact of pesticides on natural
enemies and on other non-target organisms in fields, will also
contribute to the achieving of sustainable development in
farmland ecology.

Binodoxys communis (Hymenoptera: Braconidae) is a
dominant parasitoid widely distributed in fields with a wide
range of possible hosts. It mainly parasitizes major homopteran
pests such as cotton aphids, aphids and glycine aphids
(Wyckhuys et al., 2008; Ghising et al., 2012; Yang et al,, 2017;
Zhang et al., 2020). There are two main ways for parasitoids to
obtain nutrients: the larvae mainly obtain nutrients by feeding on
hemolymph and lipids from the host, while in the adult stage
these nutrients are supplemented with pollen, nectar or
honeydew secreted by the Homoptera (Burger et al., 2004; Shi
et al, 2009). In the field environment, parasitic wasps are
therefore exposed to different types of pesticides directly and
indirectly through the nutrients.

Fipronil (CAS 120068-37-3, MW 437.16) is a strong polar
phenylpyrazole insecticide that has high neurotoxicity. It
controls pests mainly through stomach toxicity, contact and
inhalation, and it does not present any risk in terms of crop
safety (Pisa et al., 2015; Wu et al, 2015). Being an efficient
pesticide, fipronil degradates slowly in the natural environment
(Bobé et al., 1998), having a half-life of up to 7 months (Bonmatin
et al,, 2015; dos Santos et al,, 2016). Since 2009, despite the high
effectiveness in controlling pests due to its neurotoxicity, China
has limited the use of fipronil in view of its high toxicity to
aquatic organisms and bees. Nevertheless fipronil is still being
detected in different environments, demonstrating its continued
usage in agricultural practices (Yang et al.,, 2010; Gan et al., 2012;
Wuetal., 2015; Wei et al., 2017; Shi et al., 2020; Li et al., 2021; Wu
et al, 2021). Previous studies have suggested that fipronil is
widely present in soil and water, and in the crops themselves,
which greatly increases the risk of non-target beneficial insects
coming across the compound. It has been reported that exposure
to sublethal doses of fipronil in bees, a major pollinator, affects
their motility, fertility, biological morphology and causes changes
in their intestinal flora (Roat et al., 2017; Paris et al., 2020; Farder-
Gomes et al., 2021).
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In view of the ecological advantages of Binodoxys communis
and the presence of fipronil in the environment, it is important to
assess if parasitoid larvae could be affected by side effects when
the the
particularity of the development of Binodoxys communis

indirectly exposed to insecticide. ~Considering
larvae in the host, we combined transcriptomic results to
analyze the effects of fipronil on larvae at the molecular level.
To this date, most studies have focused on the effects of pesticides
on adults, while little is known about their effects on eggs and
larvae. In our study, we evaluated the sublethal and
intergenerational effects of fipronil on several biological
indicators, including survival rate, parasitic rate and survival
time of Binodoxys communis larvae exposed to fipronil. In
subjected  the the

transcriptome to differential gene expression analysis, gene

parallel, we expression results on
ontology (GO) classification and Kyoto Encyclopedia of Genes
and Genomes (KEGG) annotation. Our results fill the gap in the
risk assessment of using fipronil taking into consideration its
effects on parasitic wasp larvae. In addition, our findings can
improve pest management strategies with Binodoxys communis
in agricultural systems. This study provides a basis for future

research on biodiversity and conservation biology.

Materials and methods
Test organisms and reagents

Binodoxys communis (Hymenoptera: Braconidae) and Aphis
gossypii (Hemiptera: Aphidoidea) were collected from the
experimental farm (36°5'34.8" N, 114°31'47.19” E) of the
Cotton Research Institute, Chinese Academy of Agricultural
Sciences, and bred for many generations in the laboratory at
the Institute of Biotechnology, Institute of Plant Protection,
Chinese Academy of Agricultural Sciences. The tested insects
were cultured in typical laboratory conditions: temperature 26 +
1°C, humidity 65 + 5%, photoperiod 14 L: 10 D. Binodoxys
artificial light
incubators, and A. gossypii were reared in gauze cages
(30 cm x 30 cm x 30 cm).

The cotton variety Zhongmiansuo 49 used in this experiment

communis were reared in intelligence

was provided by the Institute of Cotton Research, Chinese
Academy of Agricultural Sciences. The planting conditions in
the artificial climate chamber were 26 + 1°C, photoperiod 14 L:
10 D, humidity 75 + 5%. The standard fipronil with a purity of
97% used in the test was purchased from Bayer Crop Science
Co., Ltd.

Sublethal bioassay

The concentration of fipronil sublethal to Binodoxys
communis (LC;y and LC,5) was determined by exposing the
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parasitoids to the dry residue of the insecticide for 1 h. The results
of this experiment have been submitted for publication and they
can be summarized as follows: LC;, and LC,s5 of fipronil were
respectively 1.19 (95% confidence interval: 0.16-0.54 mg/L) and
1.73 (95% confidence interval: 0.37-0.91 mg/L) mg/L (Du et al.
submitted). 0.1% Triton solution was used as diluent, and three
treatment groups were set up: 1) LC, treatment group, 2) LCys
treatment group, 3) 0.1% Triton solution group. Fresh cotton
leaves were fully immersed in the control solution or in the
concentrations of fipronil corresponding to the group (LC;, and
LC,5) for 10 s. The leaves were left to dry completely, 30 healthy
second instar cotton aphids were subsequently inoculated in each
leaf. After 24 h of full contact, the aphids were moved to clean
cotton leaves not treated with pesticide and inoculated with a pair
of parasitic wasps (eclosion within 24h). After 8h, the
parasitized cotton aphids were transferred to fresh cotton
leaves for further feeding. The feeding conditions of the
intelligent light incubator were set to 26 + 1°C, humidity 65 +
5%, and photoperiod 14 L: 10D. The newly emerged F,
Binodoxys communis were transferred to the finger tube of the
hole and provided with a amount of 10% honey water. The
survival of the parasitoid wasps was evaluated daily until death,
and the survival rate, survival time and parasitic rate of the F,
generation were noted for evaluation. Each pair of parasitic wasps
was used as a biological replicate, and each treatment was
repeated three times.

In order to evaluate whether fipronil has intergenerational
effects, we randomly collected three pairs of Fy adults without any
treatment and repeated the above operation. The survival rate,
survival time and parasitic rate of F; generation were recorded
and evaluated.

We dissected the aphids that were parasitized for 3 days (B.
communis larvae hatched after 3 days of parasitism) and collected
the parasitoid larvae to examine any molecular changes in B.
communis larvae. Immediately after removal, the larvae were
transferred to a 1.5 ml non-enzymatic centrifuge tube in liquid
nitrogen and stored at -80°C. Three independent biological
up group,
and >30 parasitoid larvae were collected for subsequent gene

replicates  were  set for each treatment

expression analysis.

RNA extraction, cDNA library
construction, sequencing

After purification, larval RNA was extracted using TRIzol
reagents (Invitrogen, Karlsbad, United States). RNA samples
were evaluated for quality using a NanoDrop 2000C
spectrophotometer (Thermo, United States) and 1.0% agarose
gel electrophoresis. Samples with absorbance between 1.8 and
2.0 at 260/280 nm were analyzed. The library was constructed
according to standardized procedures in Biomarker Technology

Co., Ltd. (Beijing, China) and sequenced on the company‘s
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sequencing platform. The original sequencing data of this
experiment have been stored in the NCBI Sequence Read
Archive (SRA) database (Accession number: PRINA901131).

RNA sequencing data analysis and gene
annotation

The raw data was obtained by Illumina NovaSeq high-
throughput sequencing platform based on Sequencing By
Synthesis (SBS) technology. Clean Data was obtained by
filtering low-quality reads and removing sequencing joints and
primer sequences. The filtered and trimmed reads were subjected
to a series of assemblies using the short read program Trinity
(Trinity - v2.5.1, min_kmer_cov default set to 1, all other
parameters set to default), and the longest sequence resulting
from the assemblies after removing any redundancy was defined
as unigene. Mapped reads from each sample that successfully
aligned with the assembled Unigene library sequence were used
for subsequent analysis.

The abundance of the reads was estimated using the RNA-
seq by Expectation Maximization (RSEM) by using the Bowtie
program to align the reads with the de novo assembled
transcripts. In order to obtain comprehensive gene
information, we set the BLAST parameter E-value<le-5 and
HMMER parameter E-value<le-10, and used DIAMOND,
KOBAS, InterProScan and HMMER software to compare
unigene sequences with the following databases: 1) Non-
Redundant Protein Sequence Database (NR), 2) Swiss-Prot
Protein Sequence Database (Swiss-Prot), 3) Clusters of
(COG), 4) euKaryotic Orthologous

5) Non-supervised Orthologous Groups

Orthologous  Groups
Groups (KOG),
(eggNOG4.5), 6) Kyoto Encyclopedia of Genes and Genomes
(KEGG), 7) Protein family database (Pfam) and 8) Gene
Ontology database (GO).

We used false discovery rate (FDR) to evaluate the corrected
p-value of multiple tests. We required differentially expressed
unigenes with FDR<0.01 and | log,FC (fold change) | > 2. GO
enrichment analysis of differentially expressed gene functions
was performed using the Goatools program. The differentially
expressed unigenes were then divided into three ontologies:
cellular
functions. KEGG pathway analysis was performed to identify
DEGs enriched pathways. When p < 0.05, the pathway was

biological ~processes, components and molecular

considered significantly enriched.

Validation of transcriptomic data by
qRT-PCR

In order to verify the transcriptome data, we randomly
selected seven genes from the DEG list and performed real-
time fluorescence quantitative PCR with AK and RPL as internal
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reference genes. The primer sequences for all genes are shown in
Supplementary Table S1. Total RNA was transcribed into cDNA
using the PrimeScript RT Reagent Kit (product number:
RRO37Q). The qPCR was performed using 10 puL of reaction
mixture: 5pl 2 x transgenic top green qPCR super mixture
(+Dyel), 0.4 uL forward primer, 0.4 pL reverse primer, 2 uL
cDNA, and 2.2puL DEPC nuclease-free water. The qPCR
cycles were: 95 °C for 30 s, 40 cycles at 95 °C for 5s and at
55°C for 15, and 72°C 10ss.

Data processing and statistical analysis

LC,, LC,5 and the 95% confidence intervals required for this
experiment were calculated by logarithmic probability regression
analysis using SPSS v.16.0 (SPSS Inc., Chicago, IL) (Du et al.
submitted). One-way analysis of variance was used to evaluate
the significance of differences in survival rate, survival time and
parasitic rate between control and treatment groups. Duncan’s
new multiple range method was used to test the data. When p <
0.05 we considered the difference statistically significant. The
relative expression of each gene was calculated by the 2744
method. Graphpad Prism 8.0.2 software was used in this
experiment.

Results

Sublethal effects of fipronil on survival
rate, survival time and parasitism rate of B.
communis

In this study, we identified LCyo (1.19 mg/L) and LC,s
(1.73 mg/L) as sublethal doses at which to evaluate the safety
of fipronil. The results showed that exposure at both low and high
doses of fipronil had a significant negative effect on the survival
rate of B. communis (Figure 1A). LCyo and LC,s5 doses both had
significant effects on the survival rate of parasitoids, with
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respectively only 26.67% (p = 0.002) and 50% (p = 0.035) of
the parasitoids surviving, compared with 76.67% of the control
group.

We observed no difference in survival times between
treatment groups (LC;o and LC,s) and solvent control group
(p > 0.05) (Figure 1B). The average survival time of Binodoxys
communis in the control group was 4.63 + 0.24 d, and the survival
time of parasitoids in the LC,, and LC,5 treatment groups was
respectively 4.87 + 0.12d and 4.57 = 0.19d (p > 0.05).

At LCy¢ and LCys, fipronil had a significant negative effect on
the parasitism rate of cotton aphids (Figure 1C). Only 33.33% of
parasitoids exposed to LCyo (p = 0.003) and 51.11% of those
exposed to LCys (p = 0.016) successfully parasitized aphids, in
comparison with 92.22% of the control group.

Transgenerational effects of sublethal
doses of fipronil on the offspring of B.
communis larvae

In order to determine whether sublethal insecticide
treatment has an intergenerational transmission effect on
Binodoxys communis, we evaluated the effects of fipronil on
the survival rate, survival time and parasitic rate of F; parasitic
wasps (Figure 2). The results showed that 80% of parasitoids in
the LC, treatment group survived in the absence of fipronil,
which was not the same rate as observed in the control group
(Figure 2A). However, the survival rate of the LC,s treatment
group had a significant reduction, and only 61.33% of the
parasitoids survived (p = 0.041).

The effects of sublethal doses of fipronil on the survival time
of Binodoxys communis progeny are shown in Figure 2B.
Compared with the control group (4.67 + 0.33d, p = 0.23),
there were no significant differences in the survival time of LCy,
and LC,s (respectively 4.43 + 0.22 d and 4.9 + 0.1 day).

The parasitism rates of the F, generation are shown in
Figure 2C. There were no significant differences between
treatment groups and control. The overall parasitic rate of B.
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communis increased significantly in the F, generation compared
with the F, generation. The parasitism rates of the LC;, and LC,;
B. communis groups were respectively 88.67% and 71%, a
decrease compared to the 83.33% of the control group.

Transcriptome sequencing, gene
annotation and differential genes (DEGs)
analysis

The transcriptome data of the two groups of B. communis
larvae treated with sublethal doses of fipronil are shown in
Supplementary Table S2. After several steps of quality control
on the original data, we obtained a total of 134,139,984 reads. The
sequencing of the two treatment groups resulted in 78.53 Gb of
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clean data. From each sample, we obtained up to 6.05 Gb of clean
data, with a proportion of Q30 bases between 90.22% and
93.51%, and a GC percentage above 38.19%. We compared
the clean reads of each sample with the reference sequence
assembled by Trinity software, and the mapping alignment
rate of each sample was between 73.44% and 79.47%. The
assembled unigenes were functionally annotated by comparing
them with the nine databases. We annotated a total of
13,427 unigenes, accounting for 83.2% of the total unigenes,
indicating  that high
(Supplementary Figure S1) and proving the reliability of our
transcriptome annotation results.

The differentially expressed genes (DEGs) identified in the
LC;o and LC25 treatment groups were analyzed by the FPKM
method. We visualized the DEGs on a volcano plot that showed

the annotation success rate was
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their number was related to the concentration of fipronil
(Figure 3). After log,FC > 1 (higher than double expression)
and error detection rate (FDR) correction p < 0.01, we found
1404 DEGs in the LC, exposure group, 968 of which were up-
regulated and 436 down-regulated. When the fipronil dose was
increased to LC,s, the total number of DEGs increased to 1868,
1089 up-regulated and 779 down-regulated.

GO functional analysis of DEGs revealed changes in gene
expression in Binodoxys communis larvae under fipronil stress
(Figure 4). The results showed that a total of 15,284 DEGs
were significantly enriched across 50 major subcategories of
biological process, cellular component and molecular
function. In the biological process, the differential genes
were mainly enriched in cellular, metabolic and single-
organism processes, and in biological regulation. In terms
of cell components, the differential genes were mainly
enriched in cell, cell part and organelle. In molecular
function, differential genes were mainly enriched in

binding and catalytic activity.
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In order to clarify the potential pathways of DEGs after
fipronil exposure, we performed KEGG ontology analysis on the
up-regulated DEGs (Figure 5A). Research showed that starch and
sucrose metabolism (ko00500), neuroactive ligand-receptor
(ko04080), (ko00100),
lysosome (ko04142), valine, leucine and isoleucine degradation

interaction steroid  biosynthesis
(ko00280), glycosaminoglycan degradation (ko00531), pentose
and glucuronate interconversions (ko00040) and glyoxylate and
dicarboxylate metabolism (ko00630) were the eight most
significantly enriched pathways for up-regulated genes after
fipronil exposure (qvalue <0.01). 1169 DEGs with down-
regulated expression were annotated into 125 pathways, and
the top 20 pathways with significant enrichment are shown in
Figure 5B, with neuroactive ligand-receptor interaction
(ko04080) and ribosome biogenesis in eukaryotes (ko03008)
being the two most significant pathways (qvalue <0.01). The
up-regulated genes in the neuroactive ligand pathway were
annotated, by the NR database,

chymotrypsin-like protein (CTRL), chymotrypsin-I-like (Chyl)

comparing  with as

frontiersin.org
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gRT-PCR and RNA-Seq analysis results of differentially expressed genes in Binodoxys communis.

and chymotrypsin-2 (Chy-2), while down-regulated genes were
mainly different types of chymotrypsin (Chy), trypsin (Try) and
serine protease (Sps). 50 genes related to carbohydrate synthesis
and metabolism, such as beta-glucuronidase (GUS) and beta-
galactosidase (beta-gal), were expressed at normal levels in
theLC;, group, but were significantly up-regulated in the LC,5
group. In addition, 14 genes enriched in steroid biosynthesis
pathway, including venom carboxylesterase-6 (V carE-6), lipase 3-
like (Lip 3) and gastric triacylglycerol lipase (LIPF), were up-
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regulated in the LC;, treatment group, while most of the up-
regulated genes in the LC,5 group returned to normal expression
levels. 19 genes in the lysosomal pathway were up-regulated in
the LCy, treatment group, while 39 were up-regulated in the LC,5
group. The number of up-regulated DEGs in the amino acid
degradation pathway increased from 9 to 23 with the increasing
concentration of fipronil, and included 2-oxoisovalerate
dehydrogenase (OgdH), 3-hydroxyacyl-CoA  dehydrogenase

(HADH) and 3-ketoacyl-CoA thiolase (KAT). There were
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14 down-regulated genes enriched in ribosome biogenesis in
eukaryotes pathway in the LC;, group, while only six were down-
regulated in the LC,s group, includings ribosome biogenesis
protein (RBP) and RNA-binding protein.

Validation of transcriptome data by qPCR

The transcriptome data of seven genes chosen at random
were verified by real-time fluorescence quantitative PCR. The
results of the qQRT-PCR verification are shown in Figure 6. The
trends in gene expression levels observed were the same as in the
transcriptome data, proving the reliability of RNA-Seq results in
our study.

Discussion

To this day, fipronil plays a major role in the prevention and
control of agricultural pests and is used in agriculture worldwide.
Today it is unrealistic to suggest a complete halt in its use. Yetina
field environment, both pests and non-target beneficial insects,
such as natural enemies of pests, are exposed to insecticides,
which can have a variety of sublethal effects through feeding and
contact, and harm offspring and even entire species population
(Stark et al., 2007; Biondi et al., 2012; Bueno et al., 2017). It is
therefore of the foremost importance to study the sublethal
effects of insecticides on non-target species in order to better
understand the environmental risks of pesticide use. The effects
of pesticides on larvae of parasitic natural enemies have not yet
been researched in detail, especially in terms of intergenerational
effects. To the best of our knowledge, this is the first study to
evaluate the biological effects of exposure to sublethal doses of
pesticides on parasitoid larvae and their offspring, and the
corresponding alterations in gene expression. In this study,
insect larvae exposed to sublethal concentrations of fipronil
showed a significant decrease in survival and parasitism rates,
effects on the feeding of offspring, and caused multiple changes
in gene expression levels in larvae.

Exposing Binodoxys communis larvae to sublethal doses of
fipronil leads to decreased parasitic and survival rates. Several
studies have reported on the sublethal or lethal effects of fipronil
on non-target insects (Pisa et al., 2015; Fontes et al., 2018; Bownik
and Szabelak, 2021). It is worth noting that at the LC,, dose, the
negative effect of Binodoxys communis larvae was very strong,
and the survival rate and parasitism rate were significantly
reduced. Compared with the low dose, the decrease of survival
rate and parasitic rate of Binodoxys communis larvae at the high
dose was not so strong. Here, combined with transcriptome
results, we hypothesized that high concentration of fipronil stress
caused an increase in the number of differential genes in
Binodoxys communis larvae in response to drug stress. In
addition, we evaluated the effects of fipronil sublethal dosage
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on F; generation. In the presence of high concentration of

fipronil, the parasitic rate of F; parasitoids decreased
significantly. The effects of survival rate and parasitism rate
on F; parasitoids were not significant. These findings are in
agreement with similar previous reports of intergenerational
effects of pesticides on insects (Blanc et al.,, 2020; Brevik et al,
2021; Tamilselvan et al, 2021). In conclusion, fipronil has
obvious intergenerational effects on the larvae of the natural
pest enemy Binodoxys communis, which should be carefully
considered in future fipronil applications.

Most previous research has focused on the biological and
characterization abnormalities of insects caused by sublethal
pesticide exposure, but there is a gap in the knowledge of
genetic effects at the molecular level (Bovi et al., 2018; Shen
et al,, 2019). We recommend further genome-wide analysis to
fully understand the impact of environmental pollutants on
natural enemies of pests. Our transcriptomics analysis found
that many DEGs showed concentration effects. At high
concentrations of fipronil, the number of both up-regulated
and down-regulated genes showed an increasing trend.
Similarly, studies have reported that when non-target insects
sublethal doses

concentrations are positively correlated with the number of

are exposed to of pesticides, pesticide
differentially expressed genes in insects (Fent et al, 2020; Xu
et al,, 2021). Our findings can therefore guide and lay down
the

appropriate to the parasitic wasp’s living environment.

requirements to determine pesticide  concentration

In groups treated with LC;, and LC,s fipronil concentrations,
DEGs were mainly involved in glucose metabolism-related
pathways, neuroactive ligand-receptor interactions, steroid
biosynthesis, lysosomes, amino acid degradation, and
ribosome biogenesis. It is well known that the main larval
energy source in parasitic wasps comes from the conversion
and absorption of host energy (Horwood and Hales, 1991).
Studies have shown that sugar metabolism-related pathways
and carbohydrate metabolism pathways provide energy for
other metabolic pathways and are necessary to maintain
normal growth and development in insects (Wang et al., 2013;
Maynard and Kanarek, 2020). As base components of protein,
amino acids also provide energy for metabolic pathways in
insects (Parkhitko et al., 2016; Parkhitko et al., 2020). HADH
and KAT, which we identified as upregulated DEGs, promote
fatty acid metabolism, where OgdH is a key enzyme in the
tricarboxylic acid cycle (Nakai et al, 1997; Liu et al.,, 2020).
GUS and beta-gal, upregulated in the LC,5 group, are essential
regulatory enzymes in carbohydrate-related metabolism, and the
latter is also involved in lactose hydrolysis, glycoprotein
modification and degradation in vivo (Bar et al, 2018; Yi
et al, 2021). In this study, we noted how these genes were
increasingly up-regulated at higher fipronil concentrations,
indicating that high-dose pesticide stress may demand
parasitic wasp larvae a large amount of energy in order to

reduce damage to development. Similarly to our findings,
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previous research has reported that sugar-related metabolic
pathways in insects are up-regulated in the presence of
insecticide stress (Rochford et al, 2018; Zhang et al., 2021).
The neuroactive ligand-receptor interaction pathway transduces
different signals such as biogenic amines, neuropeptides, and
lipoproteins and regulates insect development and homeostasis
(Kwon et al,, 2016; Dong et al, 2021). We showed that this
pathway was dysregulated in the expression of genes essential to
physiological processes such as digestion, defense, humoral
immunity, and development: CTRL, Chy, Try and Sps
expression levels were modified in the LC;, concentration
treatment group, while most genes returned to normal
expression levels in the LC,s group. These. Extracellular SPs
can amplify physiological or pathological signals and activate
Toll-mediated responses to microbial infections (Veillard et al.,
2016; Cao and Jiang, 2018). Previous studies have found that
phenol stress caused significant disorder response of this pathway
in chironomid (Cao et al., 2013). V Care-6, a DEG in the steroid
biosynthesis pathway, was up-regulated in the LC;, group, but
returned to normal expression levels at LC,s dose. Although the
role of V' Care has not yet been fully understood, it has been
reported that it has lipolytic activity and it participates in the
distribution of venom by degrading host blood triglycerides in
Bombus ignitus (Deng et al., 2021). Lysosomes maintain cell
homeostasis by regulating intracellular degradation, circulation,
and signal transduction (Miao et al., 2020). Our results showed
that high-dose fipronil has an obvious stimulation effect on
lysosomes, which is similar to the results of Dong’s study:
the uncomfortable environment caused the enrichment of
differential genes in the lysosome pathway in Chilo
suppressalis (Walker) larvae (Dong et al., 2021). The results
of our study showed that many ribosome biosynthetic
component genes were down-regulated after exposure to
low concentrations of fipronil. The inhibition of the
ribosome biosynthesis pathway not only causes the
assembly of ribosomes with functional changes, but also
modifies their functions in regulating key developmental
processes (Xue and Barna, 2012; Sanchez et al., 2016).
showed that,
concentrations of fipronil exposure resulted in the up-

Transcriptome  results although low
regulated expression of detoxification and immune-related
genes in Binodoxys communis larvae, most of these genes
had normal expression levels after exposure to high
concentrations, while genes related to nutrition and energy
response were significantly up-regulated in both the LC;, and
the LC,5 groups. At the same time, exposure to high-doses of
fipronil resulted in a significant decrease in the survival rate of
F; Binodoxys communis and had a negative impact on the
parasitic rate of F; parasitoids. We speculate that Binodoxys
communis requires a lot of energy to cope with high-dose
fipronil stress, and this stimulates and affects the biological
function of parasitoids for a long time.
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Conclusion

In conclusion, our study shows that fipronil has significant
negative effects on the survival rate and parasitism rate of
Binodoxys communis larvae at LC,q and LC,5 doses. Fipronil
also reduces the survival rate of offspring in the high-dose group
and has a potential negative impact on the parasitic rate. These
results indicate that exposure to sublethal doses of fipronil has
potential long-term risks to Binodoxys communis populations.
Transcriptome analysis revealed that fipronil induced
considerable gene-level variation, with the expression of many
genes involved in nutrition, energy, detoxification, and immune
responses changing. To the best of our knowledge, this is the first
study to assess the combination of biological characteristics and
molecular effects of fipronil usage on parasitic natural enemy
larvae. Our results provide a basis to understand the multi-level
effects of sublethal doses of fipronil on the growth and
development of Binodoxys communis and its offspring and to
assess the risk of fipronil usage to larvae of other fields parasitic
natural enemies.
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