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Introduction
Nilaparvata lugens, commonly known as the brown 
planthopper, is a notorious pest in paddy fields that 
feeds on the rice phloem and damages rice tissues [1]. N. 
lugens is also a vector of rice viruses, which facilitates the 
spread of the virus and contributes to significant losses 
in global rice production [2, 3]. The primary strategy to 
manage the N. lugens population relies on the application 
of chemical insecticides [4]. However, the extensive use 
of chemical pesticides has resulted in insecticides resis-
tance of N. lugens, including physiological resistance and 
target mutations [5–7]. Consequently, there is an urgent 
need to develop environmentally friendly and effective 
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Abstract
The fecundity of Nilaparvata lugens (brown planthopper) is influenced by trehalase (TRE). To investigate the 
mechanism by which trehalose affects the reproduction of N. lugens, we conducted a comparative transcriptomic 
and metabolomic analysis of the ovaries of N. lugens following injection with dsTREs and validamycin (a TRE 
inhibitor). The results revealed that 844 differentially expressed genes (DEGs) were identified between the dsGFP 
and dsTREs injection groups, with 317 up-regulated genes and 527 down-regulated genes. Additionally, 1451 
DEGs were identified between the water and validamycin injection groups, with 637 up-regulated genes and 
814 down-regulated genes. The total number of DEGs identified between the two comparison groups was 236. 
The overlapping DEGs were implicated in various biological processes, including protein metabolism, fatty acid 
metabolism, AMPK signaling, mTOR signaling, insulin/insulin-like growth factor signaling (IIS), the tricarboxylic acid 
(TCA) cycle, oxidative phosphorylation, and the cellular process of meiosis in oocytes. These results suggest that 
the inhibition of TRE expression may lead to alterations in ovarian nutrient and energy metabolism by modulating 
glucose transport and affecting amino acid metabolic pathways. These alterations may influence the reproduction 
of N. lugens by modulating reproductive regulatory signals. These findings provide robust evidence supporting the 
mechanism through which trehalase inhibition reduces the reproductive capacity of N. lugens.
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alternatives, such as RNA biopesticides [8–12], as well as 
other environmentally sustainable compounds to safely 
control pests [13, 14]. Trehalose is the primary circulat-
ing sugar during the development of insect oocytes [15, 
16]. Trehalase serves as the rate-limiting enzyme in tre-
halose degradation, and its inhibition directly impedes 
the trehalose hydrolysis [17]. Currently, two distinct 
forms of trehalase, soluble trehalase (TRE1) and mem-
brane-bound trehalase (TRE2), have been identified in 
various insect such as N. lugens, Tribolium castaneum, 
Tenebrio molitor, Bombyx mori, and Apis mellifera [18–
20]. As a key enzyme in trehalose metabolism, multiple 
TRE1 genes have been identified in insects such as N. 
lugens, Harmonia axyridis, and Tribolium castaneum, 
with two isoforms, TRE1-1 and TRE1-2, observed in 
N. lugens [19–21]. Furthermore, previous studies have 
shown that both TRE1 and TRE2 regulate larval devel-
opment, molting as well as pupation in insects, through 
the chitin pathway [24]. Therefore, the development of 
trehalase inhibitors represents a promising approach for 
exploiting pesticides [23–25]. To date, several natural tre-
halase inhibitors have been found, including validamycin, 
salbostatin, trehazolin, natural iminosugars, and thia-
zolidinone compounds [30–33].

The reproductive control network of insects is com-
plex. The insulin/insulin-like peptide signaling pathway 
(IIS) is a highly conserved signaling cascade [22]. IIS is 
initiated by insulin-like peptides (ILPs), which bind to 
the insulin receptor (InR), a transmembrane receptor on 
the cell surface. This binding induces autophosphoryla-
tion of InR and the recruitment of the insulin receptor 
substrate Chico, which is subsequently also phosphory-
lated. This process activates phosphoinositide 3-kinase 
(PI3K), which then phosphatidylinositol 4,5-diphosphate 
(PIP2) to produce phosphatidylinositol 3,4,5-trispho-
sphate (PIP3). PIP3, in turn, activates protein kinase B 
(Akt), which further regulate the gene expression such 
as Forkhead box O (Foxo) [26]. Studies in N. lugens have 
demonstrated that the transcription factor Foxo directly 
regulates the expression of vitellogenin (Vg) by acting 
on its exon [27]. Currently, two TOR complexes, termed 
TORC1 and TORC2, have been identified. However, 
it is widely accepted that only TORC1 is responsive to 
rapamycin, positioning TORC1 as the central complex in 
the TOR signaling pathway [28]. As a nutrient sensor, the 
Target of rapamycin (TOR) signaling pathway regulates 
various physiological processes in response to the nutri-
tional condition. As upstream of the TOR pathway, amino 
acids (AAs) enter the cytoplasm via amino acid trans-
membrane receptors, where they bind to intracellular 
RAS-related small GTPases or Rags, thereby activating 
the TOR pathway [27–29]. Finally, the phosphorylation 
of S6 kinase (S6K) and 4E-binding protein 1 (4E-BP1) 
arise as the downstream events [28]. Phosphorylated 

S6K participates in the transcriptional and translational 
regulation of Vg [34]. Additionally, TOR can stimulate 
the secretion of ILPs, thereby activating the IIS pathway, 
which indirectly influences insect reproduction [29]. The 
reproductive system of female insects consists of a pair 
of ovaries, each containing numerous ovarian cells. The 
number of ovaries varies among insect species, and there 
are also differences between the left and right ovaries 
within the same individual [35, 36]. Previous studies have 
shown that feeding glucose can enhance the reproduc-
tive efficiency of bees, as carbohydrate supplements pro-
vide the energy necessary for egg maturation [37]. TRE 
activity has been detected in ovaries containing oocytes, 
suggesting that TRE plays a crucial role in ovarian devel-
opment [38, 52]. Moreover, ovarian development and 
fecundity in N. lugens were reduced after TRE inhibi-
tion (unpublished). However, the underlying mechanism 
remains unknown.

Omics is a comprehensive approach that investi-
gates the functions, relationships, and interactions of 
various molecules within organisms [39], encompassing 
fields such as transcriptomics, metabolomics, and pro-
teomics, among others [39–40, 42–43]. Among them, 
RNA sequencing (RNA-seq) is an important method that 
performs transcriptome analysis using deep sequenc-
ing technology [43–45]. To comprehensively investigate 
the molecular mechanisms or interactions underlying 
the effects of different treatments on organisms, RNA-
seq is the most effective method for identifying differ-
entially expressed genes (DEGs) [46, 47]. Metabolomic 
sequencing, emerging as a biological research tool 
alongside RNA-seq, is utilized to quantify metabolic 
changes through gene interference or diverse condition 
treatments, thereby establishing a link between gene 
expression and phenotype. Therefore, metabolomics 
sequencing can establish a link between gene expres-
sion and phenotype [48]. By comparing and analyzing the 
results of transcriptomic and metabolomic sequencing, 
a more comprehensive understanding of the molecular 
mechanisms underlying these changes can be obtained. 
This approach has also been applied across various 
organisms [49, 50]. In this study, comparative transcrip-
tomic and metabolomic analyses were conducted on the 
ovaries of female N. lugens after TRE inhibition, and the 
potential molecular mechanisms by which TRE regulates 
reproduction in N. lugens were investigated.

Materials and methods
Insect rearing
Taichung Native 1 (TN1) was used to feeding N. lugens, 
which were collected from the field area of the China 
National Rice Research Institute. The environmental con-
ditions in the artificial climate chamber were maintained 
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as follows: temperature 27 ± 1  °C, relative humidity 
65 ± 5%, and photoperiod of 18 L : 6D (Light: Dark).

dsRNA synthesis and microinjection
Five adults were added to Trizol (Takara, Japan) and 
homogenized with steel beads. RNA was subsequently 
separated and precipitated using chloroform and iso-
propanol, followed by being washed with 75% ethanol 
and resuspended with ‌RNase-free water‌. The cDNA was 
synthesized using the PrimeScriptTM RT Reagent Kit 
with gDNA Eraser (Takara, Japan), following the manu-
facturer instructions. PCR amplification was carried out 
using primers (Table 1) synthesized by SunYa (Zhejiang, 
China). dsRNA synthesis was performed according to the 
T7 RiboMAX Express RNAi System (Promega, Madison, 
USA). A green fluorescent protein (GFP) gene ampli-
con was used as a control. Newly emerged female long-
winged adults of N. lugens were selected and injected 
using a TransferMan 4r microinjector (Eppendorf, Ham-
burg, Germany). In this study, four injection groups 
were set up: (1) dsGFP; (2) the synthesized dsTRE1-1, 
dsTRE1-2 and dsTRE2 were mixed into dsTREs accord-
ing to 1: 1: 1; (3) double distilled water ddH2O, marked as 
ddWater; (4) Validamycin (Dr. Ehrenxtorfer, Germany). 
The concentration of dsRNA for injection was 4000 ng/
µL, and the concentration of validamycin for injection 
was 0.5 µg/µL. Each individual was injected with 100 nL 
solution [53,54].

Sampling for transcriptomic and metabolomics 
sequencing
The injected female and untreated male were paired in a 
1:1 ratio and reared for 3 days, and the ovaries of females 
were collected. Three biological replicates were per-
formed, with each replicate consisting of 5–10 ovaries. 
Total RNA from ovaries was extracted for transcriptome 
sequencing performed by Beijing Genomics Institute 
(Shenzhen, China). Subsequently, mRNA library was 
constructed and sequenced by DNBSEQ sequencing 
platform to obtain the raw data. Similarly, six biological 
replicates were collected for non-targeted metabolomics 
sequencing performed by Beijing Genomics Institute 

(Shenzhen, China), with each replicate containing 15–25 
ovaries.

Transcriptome data analysis
The raw reads were filtered using SOAPnuke software to 
obtain clean reads. HISAT was used to align clean reads 
to the reference genome of N.lugens (GCF 014356525.1) 
for new transcript prediction, SNP analysis, InDel anal-
ysis, and differential splicing gene detection [60]. The 
sequences with protein-coding potential in the obtained 
new transcripts were added to the reference gene 
sequence to form a complete reference sequence, and 
the expression level was calculated using RSEM [61]. The 
DEGs were screened using DEseq2. All DEGs were anno-
tated using NR databases, followed by GO functional 
annotation with Blast2GO software (v2.5.0). The differ-
entially expressed genes were classified into functional 
categories based on GO annotation. Enrichment analysis 
was performed using the phyper function in R software, 
and q-value ≤ 0.05 was considered significantly enriched 
[62].

RT-qPCR verification
Five to six N. lugens individuals were injected and col-
lected for RNA extraction and cDNA synthesis, with 
each treatment group repeated 3–4 times. Primers were 
designed and synthesized (Table  2). The synthesized 
cDNA was used as a template for RT-qPCR, with the 
actin gene acting as the internal reference. RT-qPCR was 
performed using a real-time PCR detection system (Bio-
Rad, Hercules, USA). Genes involved in glucose metab-
olism, lipid metabolism, chitin metabolism as well as 
reproductive regulation were selected for RT-qPCR vali-
dation, with nine genes between the dsGFP and dsTREs 
groups, and twelve genes between the water and validam-
ycin groups. Gene IDs for the validation genes are pro-
vided in Table 3, and the primers used for quantification 
are listed in Table 2.

Metabolite extraction and LC-MS/MS analysis
An extraction solution was prepared by mixing metha-
nol, acetonitrile, and water. A 25 mg sample of N. lugens 

Table 1  Primers for dsRNA synthesis
Primer name Forward primer (5’-3’) Reverse primer (5’-3’)
NlTRE1-1 GATGCAATCAAGGAGGTGTTATGGC CGTATTCACCTCCACCTCCGT
NlTRE1-1-T7 T7-GATGCAATCAAGGAGGTGTTATGGC T7-CGTATTCACCTCCACCTCCGT
NlTRE1-2 AGATGAAGGCATGTGGTTCG CATCGATTCGCCAACTGGTAAGC
NlTRE1-2-T7 T7-AGATGAAGGCATGTGGTTCG T7-CATCGATTCGCCAACTGGTAAGC
NlTRE2 CCAACTGCTATGACACCGACAAG GGGTTCAGATCCTGCCGTCGCT
NlTRE2-T7 T7-CCAACTGCTATGACACCGACAAG T7-GGGTTCAGATCCTGCCGTCGCT
GFP AAGGGCGAGGAGCTGTTCACCG CAGCAGGACCATGTGATCGCGC
GFP-T7 T7-AAGGGCGAGGAGCTGTTCACCG T7-CAGCAGGACCATGTGATCGCGC
T7 sequence:5’- ​G​G​A​T​C​C​T​A​A​T​A​C​G​A​C​T​C​A​C​T​A​T​A​G​G-3’
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ovaries was added to 800 µL of the extraction solution 
and 10 µL of the internal standard, then pulverized and 
homogenized. The mixture was subsequently centrifuged, 
and the supernatant was dried using a freeze-vacuum 
concentrator. The dried sample was then re-dissolved 
and centrifugation. The supernatant was transferred for 
LC-MS analysis. From each sample, 20 µL of supernatant 
was collected and pooled to form a QC sample, which 
was analyzed by LC-MS alongside the samples from 
each treatment group. The extracted metabolites were 

separated and detected in both positive and negative ion 
modes using a Q Exactive HF high-resolution mass spec-
trometer (Thermo Fisher Scientific, USA).

Non-targeted metabolomics analysis
In this experiment, the internal standards for untargeted 
metabolomics included L-Leucine-d3, L-Phenylalanine 
(13C9, 99%), L-Tryptophan-d5, and Progesterone-2,3,4-
13C3. Data were processed using Compound Discov-
erer 3.1 software (Thermo Fisher Scientific, USA). The 

Table 2  Primers for RT-qPCR
Gene ID Forward primer (5’-3’) Reverse primer (5’-3’)
111,043,495 GAACCTGCAGGCCAAACACA ACCACTCGGTTGGGCTGAAT
111,043,686 CCCAGGAGAACAAGGTTTAGTG CAAGGGCTGCCAGACAGTAG
111,045,055 GGACGGTGCTTCTTTTGGA GTGAGGCATCGGCTCTGTT
111,045,930 CTGATCCGCGAGACCTATGC GCGATGACCTGTCCTTGCTAC
111,046,157 GGCGTTCATCTGCTGCTTC GACTTGCGACACTTGTCCACC
111,046,883 ACTCGCCAGCACAGCAAAA CAGCCTACCAAACCATGAAGAT
111,047,049 GGGTGGGACAAGACTTACTGC CCCGATGGTCTTTGAATGGA
111,052,579 AGGCAGCCACACAGATAACCGC AGCCGCTCGCTCCAGAACATT
111,054,583 CGGTTATCCGAAATGTCCAGT TCTCCATCTTGTAGCCCCAGT
111,046,048 CCGCAAACGATTCCTACAGA AGGTCCTTGACGCTCATTCC
111,047,475 CTCTTGCCGAACAGCCTTAC GGGTCGTTTAGTGGGTCTGA
111,049,718 GTCGCCTTCTCCGCTATTCT CCATGCCGTTTCCTCTTTG
111,052,473 CGGTTCCGATTGTCAGTTTG TGCTGGTCCCTTGATCTGTG
111,053,657 ATGTCTGATTGTCTTGGGAGGC CCAAGTGAGAATACCACGATGAAC
111,056,107 GAGTGCAACCCGGAGTATGT TCTTGACGGCACACTTCTTG
111,056,142 TCACGGTTGTCCAAGTCT TGTTTCGTTTCGGCTGT
111,059,194 AAGACTGAGGCGAATGGT AAGGTGGAAATGGAATGTG
111,061,289 CACTGCCCGTGCTGTGCTCTA TGACTTCCTTGCTTTGCTCCC

Table 3  Annotated information of genes
Gene ID Control group q value Gene prediction
111,043,495 dsGFP VS dsTREs 0.00016489 juvenile hormone acid methyltransferase
111,043,686 dsGFP VS dsTREs 0.003817801 fatty acid elongase
111,045,055 dsGFP VS dsTREs 0.00000328 glucose dehydrogenase -like
111,045,930 dsGFP VS dsTREs 0.012180559 fatty acid synthase

ddWater VS Validamycin 0.020274116
111,046,157 dsGFP VS dsTREs 0.028126215 facilitated trehalose transporter Tret1-like
111,046,883 dsGFP VS dsTREs 0.032763938 facilitated trehalose transporter Tret1-like

ddWater VS Validamycin 0.003144976
111,047,049 dsGFP VS dsTREs 0.03238005 phosphomannomutase
111,052,579 dsGFP VS dsTREs 0.001192282 vitellogenin receptor

ddWater VS Validamycin 0.000408648
111,054,583 dsGFP VS dsTREs 0.000000000000755 glucose dehydrogenase -like
111,046,048 ddWater VS Validamycin 0.046346314 chitin synthase 1 variant a
111,047,475 ddWater VS Validamycin 0.000726376 insulin receptor 2
111,049,718 ddWater VS Validamycin 0.021621264 sugar transporter
111,052,473 ddWater VS Validamycin 0.0000127 sugar transporter 1
111,053,657 ddWater VS Validamycin 0.040343716 sugar transporter 11
111,056,107 ddWater VS Validamycin 0.029915112 insulin receptor 1
111,056,142 ddWater VS Validamycin 0.004094465 membrane-bound trehalase
111,059,194 ddWater VS Validamycin 0.000852713 trehalose 6-phosphate synthase
111,061,289 ddWater VS Validamycin 0.003236295 vitellogenin
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identified compounds were classified and annotated 
using the KEGG database and the Human Metabolome 
Database (https://hmdb.ca/). Functional characteristics, 
major metabolic pathways, and signaling pathways asso-
ciated with the identified metabolites were determined 
through functional annotation with the KEGG database. 
The overall distribution of individual samples within each 
group and the dispersion between groups were assessed 
by principal component analysis (PCA). The variable 
importance for the projection (VIP) of the first two prin-
cipal components was calculated using the partial least 
squares discriminant analysis (PLS-DA) model. Fold 
change (FC) values were calculated through fold change 
analysis, and statistical significance was assessed using 
t-tests, with q-values corrected using the false discovery 
rate (FDR). Differential metabolites were screened when 
VIP ≥ 1, FC ≥ 1.2 or ≤ 0.8, and q-value < 0.05. Hierarchical 
clustering analysis was conducted and metabolic pathway 
enrichment analysis was performed based on the KEGG 
database, with p-values < 0.05 considered significantly 
enriched.

Results
DEGs analysis
RNAi treatment significantly reduced the expression of 
trehalase genes NlTRE1-1, NlTRE1-2, and NlTRE2 in 
adult female N. lugens, as confirmed by qRT-PCR analy-
sis (Fig. S1). A total of 844 DEGs were identified between 
the dsGFP and dsTREs injection groups, with 317 up-
regulated and 527 down-regulated genes (Fig. 1A). Simi-
larly, 1451 DEGs were identified between the water and 
validamycin injection groups, including 637 up-regulated 
and 814 down-regulated genes (Fig. 1A). The number of 
DEGs shared between the two control groups was 236 
(Fig. 1B).

Go function analysis of DEGs
Three categories, including molecular function (MF), cel-
lular component (CC), and biological process (BP), were 
classified by GO database. Among the DEGs between 
the dsGFP and dsTREs groups, 651 genes were associ-
ated with MF, 615 with CC, and 564 with BP functions 
(Fig. S2A). In terms of MF, differential genes were mainly 
related to binding, catalytic activity, and transport activ-
ity. In the CC category, genes were mainly related to cell 
structure and intracellular processes, while in the BP cat-
egory, genes involved in intracellular processes, biologi-
cal regulation, and metabolic processes were the most 
abundant (Fig. 2A). In the DEGs regulated by validamy-
cin, 1239 genes were associated with MF, 1102 with CC, 
and 1084 with BP functions (Fig. S2B). Similarly, DEGs 
were mainly related to binding, catalytic activity, trans-
port activity, and structural molecular activity in MF. In 
the CC category, DEGs were mainly associated with cell 

structure and intracellular processes were the most prev-
alent, while in the BP category, genes involved in intra-
cellular processes, biological regulation, and metabolic 
regulation were the most abundant (Fig. 2B).

KEGG metabolic pathway analysis of DEGs
Results revealed that the DEGs in the dsTREs group 
were associated with 221 metabolic pathways, among 
which the significantly enriched pathways included pro-
tein export, fatty acid metabolism, proteasome path-
way, endoplasmic reticulum protein processing, cardiac 
muscle contraction, and fatty acid elongation (Fig.  3A). 
The DEGs regulated by validamycin were distributed 
across 237 metabolic pathways, with significant enrich-
ment in ribosome biogenesis, glutathione metabolism, 
and the longevity-regulating pathway in worms (Fig. 3B). 
It is noteworthy that DEGs of two group were widely 
involved in metabolic pathways related to fatty acids, 
lysine, proline, carbohydrates, and energy metabolism, 
including the TCA cycle and oxidative phosphorylation. 
Furthermore, signal transduction pathways associated 
with reproduction and energy regulation, such as AMP-
activated protein kinase pathway (AMPK), mammalian 
target of rapamycin pathway (mTOR), and IIS signaling 
pathways, were also enriched with DEGs, and the cellular 
process of oocyte meiosis was similarly affected (Fig. 3C). 
Overall, these results have suggested that TRE inhibition 
may impair oxidative phosphorylation and the TCA cycle 
by altering the nutrients and energy metabolism, ulti-
mately disrupting the reproductive regulatory network.

Validation of DEGs
There were 9 DEGs and 12 DEGs were selected for valida-
tion after dsTREs or validamycin injection, respectively. 
Results showed that their relative expression trends were 
consistent with those observed in the transcriptome data, 
indicating the reliability of the transcriptome sequencing 
(Fig. 4).

Statistics of differential metabolites
A total of 129 differential metabolites were identified and 
screened between the dsGFP and dsTREs groups in nega-
tive ion mode, of which 88 metabolites were up-regulated 
and 41 metabolites were down-regulated (Fig.  5A). In 
positive ion mode, a total of 439 differential metabolites 
were identified between the dsGFP and dsTREs groups, 
with 296 metabolites up-regulated and 143 metabo-
lites down-regulated (Fig.  5B). For the validamycin-
treated group, a total of 154 differential metabolites were 
screened in negative ion mode compared with the control 
group, of which 58 metabolites were up-regulated and 96 
metabolites were down-regulated (Fig. 5C). Similarly, 457 
metabolites were screened in positive ion mode, of which 

https://hmdb.ca/
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Fig. 1  The number of DEGs between groups. The number of up-regulated and down-regulated genes (A) and differentially expressed genes between 
different comparison groups (B) after dsTREs and validamycin injection. Three biological replicates were performed for each treatment, with each repli-
cate containing 5–10 ovaries of Nilaparvata lugens
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Fig. 2  GO functional classification of DEGs. (A) GO functional classification at level 2 of DEGs between the dsGFP and dsTREs groups; (B) GO functional 
classification at level 2 of DEGs between the ddWater and dsTREs groups
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Fig. 3  KEGG metabolic pathway analysis of differentially expressed genes. (A) and (B) represent the top 20 metabolic pathways with the lowest q-values, 
(C) represents potential reproduction-related metabolic pathways. ko00190, oxidative phosphorylation; ko00310, Lysine degradation; ko04152, AMPK 
signaling pathway; ko04151, PI3K-Akt signaling pathway; ko01040, unsaturated fatty acid synthesis; ko04150, mTOR signaling pathway; ko04910, Insulin 
signaling pathway; ko00230, proline metabolism; ko04114, oocyte meiotic division; ko00071, fatty acid degradation; ko00500, starch and sucrose me-
tabolism; ko00061, fatty acid synthesis; ko00020, TCA cycle; ko01212, fatty acid metabolism; ko00062, fatty acid elongation
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Fig. 4  RT-qPCR verification of DEGs. The data are shown as mean ± standard errors (n = 3). FPKM values represent the gene expression levels in the tran-
scriptomics. Specific information about the selected genes is shown in Table 3

 



Page 10 of 16Liu et al. BMC Genomics           (2025) 26:98 

202 metabolites were up-regulated and 255 metabolites 
were down-regulated (Fig. 5D).

KEGG pathway enrichment and analysis of key metabolites
Results have shown that differential metabolites after 
dsTREs injection were mainly distributed in carbohy-
drate and amino acid-related metabolic pathways (Fig. 6A 
and B), while the differential metabolites between vali-
damycin and water groups were also distributed in car-
bohydrate and amino acid-related metabolic pathways, 

but they were additionally significantly enriched in pyru-
vate metabolism, TCA cycle, oxidative phosphorylation, 
which were related to energy metabolism (Fig.  6C and 
D). In addition, the sucrose content was significantly 
increased in the ovaries of N. lugens treated with dsTREs 
or validamycin. Since sucrose is not present in insect 
ovary, and the molecular formula of sucrose is identi-
cal to that of trehalose, it is speculated that trehalose 
rather than sucrose is significantly accumulated in the 
ovaries after dsTREs or validamycin injection (Fig.  6E). 

Fig. 5  Volcanic map of differential metabolites. (A) and (C) show the negative ion mode, while (B) and (D) show the positive ion mode
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Fig. 6  KEGG pathway enrichment analysis of differential metabolites and analysis of crucial metabolites. The horizontal axis represents enrichment 
factors, and the vertical axis represents the top 20 enriched metabolic pathways. (A) and (B) represent the KEGG enrichment pathways between dsGFP 
and dsTREs groups in the negative ion and positive ion modes; (C) and (D) represent the KEGG enrichment pathway between ddWater and validamycin 
groups in the negative ion and positive ion mode. Red indicates up-regulated metabolites, and green indicates down-regulated metabolites in (E) and (F)
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In addition, L-isoleucine and L-phenylalanine were sig-
nificantly elevated in the ovaries after dsTREs injection 
(Fig.  6E). The levels of several amino acids in the ova-
ries were also up-regulated after validamycin injection, 
including L-asparagine, D-aspartic acid, L-aspartic acid, 
L-glutamine, and lysine, while the level of L-proline was 
significantly decreased (Fig.  6F). Unlike dsTREs, the 
intermediate metabolites involved in the TCA cycle in 
the ovaries of the validamycin group were also signifi-
cantly affected. Among them, succinic acid and succinate 
were significantly down-regulated, whereas oxalosuccinic 
acid and fumaric acid were significantly up-regulated, 
indicating that the inhibition of trehalase by validamy-
cin disrupts the TCA cycle in the ovaries of N. lugens 
(Fig. 6F).

Discussion
Trehalose hydrolyzed by TRE is involved in the synthe-
sis of macromolecules such as chitin and lipids, indi-
rectly affecting key signaling pathways that regulate the 
development and reproduction of the ovaries in insects 
[16, 24, 51, 54]. Chitin biosynthesis is a process in which 
trehalose acts as a precursor [24], undergoing a series of 
physiological and biochemical reactions that ultimately 
result in chitin synthesis by chitin synthase (CHS) [53]. 
Previous studies have shown that TRE silencing lead to 
an imbalance in the supply of trehalose, downregulating 
the expression of chitin synthase and decreasing chitin 
synthesis, which furthermore results in increased larval 
mortality and abnormalities [53, 66]. Chitin is also an 
important component of the egg chorion [55]. This study 
shows that the TRE inhibition leads to decreased expres-
sion of chitin synthesis-related genes (Fig. 3), suggesting 
that TRE deficiency may affect the composition of the 
egg chorion, ultimately influencing the hatchability of the 
offspring [55].

Furthermore, in oviparous insects, oocyte maturation 
requires not only the accumulation of Vg but also the 
accumulation of lipids [35, 56, 57]. The KEGG analysis 
show that DEGs in both the dsTREs and validamycin-
treated groups are involved in metabolic pathways such 
as fatty acid synthesis, unsaturated fatty acid synthesis, 
and fatty acid elongation (Fig.  3). Previous studies have 
indicated that carbohydrates are essential for lipid syn-
thesis, suggesting that TRE may reduce acetyl-CoA syn-
thesis by affecting the tricarboxylic acid cycle and other 
glucose metabolism pathways, which in turn influences 
the production and utilization of mature fatty acids. 
Moreover, fatty acids are closely linked to reproduction 
in N. lugens [58]. Fatty acid metabolism is strongly asso-
ciated with lipid synthesis. For example, studies in mice 
have shown that trehalose inhibits adipocyte hypertro-
phy [59]. Therefore, it is hypothesized that, TRE inhi-
bition may disrupt lipid synthesis, which affected the 

ovarian development. Meanwhile, it was found that 
amino acids such as lysine and proline were also affected 
(Fig. 6). Previous studies have found that ovarian devel-
opment and the number of eggs laid were affected after 
feeding on amino acid-deficient medium [63, 72]. There-
fore, it is speculated that TRE knockdown inhibits the 
development of the ovaries in N. lugens by affecting the 
metabolism of amino acids and proteins in the ovaries. 
Besides, ribosomes serve as the sites of protein synthesis, 
and their synthesis and translation are blocked to sup-
press the ovarian development of insect [41], suggesting 
that validamycin also impacts protein synthesis to inhibit 
the reproduction of N. lugens [70, 71]. Accordingly, the 
DEGs in this group are extensively involved in metabolic 
pathways related to amino acids such as lysine and pro-
line (Fig.  3). Moreover, previous study showed that the 
levels of lactic acid and alanine, which are involved in 
glycolysis, decreased within 0–12 h in the hemolymph of 
Spodoptera litura larvae treated with validamycin. These 
findings suggest that validamycin inhibits the glycolysis 
pathway [16]. This is consistent with this study, which 
partially have indicated that validamycin have affected 
glycolysis (Figs. 3 and 6).

TRE not only affects the energy substances such as 
carbohydrates, amino acids, and fatty acids, but also sig-
nificantly alters the TCA cycle and oxidative phosphory-
lation that are responsible for energy production (Fig. 6). 
In insects, carbohydrates such as trehalose or glycogen 
are hydrolyzed into glucose, which then enters glycoly-
sis and the TCA cycle. The resulting reduced NADH is 
further oxidized via oxidative phosphorylation to pro-
duce ATP for various cellular activities. Therefore, it is 
speculated that TRE have affected the energy production 
[64, 65, 67]. Reproduction is an energy-dependent pro-
cess, and energy metabolism is closely related to ovarian 
development [68]. This suggests that validamycin may 
inhibit the TRE activity, which have resulted in insuffi-
cient ATP for cellular metabolism in the ovaries [52, 69].

Furthermore, transcriptome analysis revealed that the 
AMPK signaling pathway was altered after TRE inhibi-
tion, and AMPK modulated the mTOR and IIS signaling 
pathways [76, 77]. Notably, AMPK, as an energy sensor, 
is associated with carbohydrate metabolism and plays a 
regulatory role in insect oogenesis. Under normal energy 
conditions, AMPK pathway activity remains low, while 
the mTOR and IIS pathways are highly active [73, 74]. 
Activated mTOR phosphorylates S6K, which promotes 
the transcription and translation of Vg. In addition, 
mTOR stimulates the secretion of ILPs, thus activating 
the IIS pathway and inhibits the expression of genes such 
as FoxO, which suppresses the transcription and trans-
lation of Vg [75, 76]. When energy supply is insufficient 
or glucose starvation occurs, AMPK is activated. Acti-
vated AMPK activates TSC2 to inhibit mTOR, while also 
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phosphorylating and inhibiting insulin-like pathway, ulti-
mately affecting ovarian development and reproduction 
[78–80]. However, the number of DEGs in these signaling 
pathways was higher in the validamycin group compared 
to the dsTREs group, suggesting that the impact of vali-
damycin on ovarian physiology is more extensive (Figs. 2 
and 3).

In conclusion, it is speculated that TRE blocks ovar-
ian energy production by affecting energy substances. 
However, the metabolomic analysis revealed no sig-
nificant changes in glucose levels among the differen-
tial metabolites. Therefore, it is hypothesized that TRE 
does not affect the overall glucose level in the ovary, but 
may instead alter the intracellular glucose concentration 
gradient or the distribution of glucose among differ-
ent ovarian cells. These changes could influence energy 
production, thus affecting the reproductive regulatory 
network and ultimately modulating reproduction in N. 
lugens.

Conclusions
The results showed that energy substance metabolism 
and the TCA cycle pathways were significantly enriched, 
indicating that TRE inhibition affects protein synthesis, 
fatty acid metabolism, and the energy cycle. These ulti-
mately led to insufficient energy supply for ovarian devel-
opment, reduced chitin content in the egg epidermis, 
and abnormal individual growth and development. Addi-
tionally, transcriptome analysis revealed that the AMPK 
signaling pathway was altered after TRE inhibition, and 

AMPK subsequently affected the mTOR and IIS signal-
ing pathways. Furthermore, mTOR and IIS regulate 
Vg protein expression in N. lugens, thereby modulat-
ing reproduction in N. lugens (Fig.  7). In summary, our 
experimental results provide valuable insights for pest 
control in agriculture and the improvement of rice yield.
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