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A B S T R A C T

The cotton bollworm, Helicoverpa armigera, is a significant global agricultural pest, particularly detrimental
during its larval feeding period. Insects' odorant receptors (ORs) are crucial for their crop-feeding activities, yet a
comprehensive analysis of H. armigera ORs has been lacking, and the influence of hormones on ORs remain
understudied. Herein, we conducted a genome-wide study and identified 81 ORs, categorized into 15 distinct
groups. Analyses of protein motifs and gene structures revealed both conservation within groups and divergence
among them. Comparative gene duplication analysis between H. armigera and Bombyx mori highlighted different
duplication patterns. We further investigated subcellular localization and protein interactions within the odorant
receptor family, providing valuable insights for future functional and interaction studies of ORs. Specifically, we
identified that OR48 and OR75 were abundantly expressed during molting/metamorphosis and feeding stages,
respectively. We demonstrated that 20E induced the upregulation of OR48 via EcR, while insulin upregulated
OR75 expression through InR. Moreover, 20E induced the translocation of OR48 to the cell membrane, mediating
its effects. Functional studies involving the knockdown of OR48 and OR75 revealed their roles in metamorphosis
development, with OR48 knockdown resulting in delayed pupation and OR75 knockdown leading to premature
pupation. OR48 can promote autophagy and apoptosis in fat body, while OR75 can significantly inhibit apoptosis
and autophagy. These findings significantly contribute to our understanding of OR function in H. armigera and
shed light on potential avenues for pest control strategies.

1. Introduction

Lepidoptera, the second largest order in the insect class, encompasses
a diverse array of species, from silk worms to moths, along with
numerous agricultural pests [1]. Among these pests, the cotton boll-
worm, H. armigera, stands out for its significant threat to cotton and
various crops worldwide. Understanding the molecular mechanisms and
physiological processes governing the development of H. armigera re-
mains paramount. Throughout its lifecycle, H. armigera undergoes six
larval instars, pupal stage, and adulthood, with pivotal roles played by
20-hydroxyecdysone (20E) and insulin [2]. During the metamorphosis
of H. armigera, the laval tissues, particularly the fat body, are degraded
through autophagy [3] and apoptosis [4,5]. The larval stage, encom-
passing feeding andmetamorphic phases, poses the most substantial risk
to crops. H. armigera larvae are notorious for their voracious appetite,
feeding on a spectrum of crops including cotton, corn, soybeans, and

peanuts [6]. Therefore, unraveling the differential gene expression be-
tween feeding and non-feeding stages holds significant promise for
effective pest management strategies.

Odorant receptors (ORs) are integral to the olfactory system,
responsible for detecting odorants and initiating the sense of smell.
These receptors, classified within the superfamily of G protein-coupled
receptors (GPCRs), feature seven hydrophobic membrane-spanning re-
gions and play a pivotal role in olfactory recognition [7]. Beyond odor
recognition, recent research has shed light on the involvement of ol-
factory receptors in glucose metabolism. They contribute to maintaining
blood glucose homeostasis by regulating hormone secretion, fat meta-
bolism, and insulin sensitivity [8].

In H. armigera, a multitude of ORs and odorant binding proteins
(OBPs) have been identified, each contributing to various physiological
processes. While transcriptome sequencing revealed sixty-five candidate
ORs in Helicoverpa armigera [9], a comprehensive analysis of all ORs
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within the genome is yet to be undertaken. Hence, our study aims to
screen highly expressed odorant receptors during feeding and non-
feeding periods through genomic and transcriptome analyses, offering
insights into their roles and potential implications for pest control.

HarmORs serve not only as key players in the olfactory perception of
adult insects [10], but also exert significant influence over larval food
selection and avoidance mechanisms. For instance, Gr180, a bitter taste
receptor abundantly expressed in the upper beak of H. armigera larvae,
responds to plant secondary substances such as coumarin, which act as
feeding inhibitors for many plants [11]. Moreover, certain HarmORs
participate in the migration behavior of H. armigera. Take OBP3/OBP6,
for instance, which facilitate flight activity by interacting with lipid
molecules [12]. This discovery reveals the potential role of HarmORs in
insect energy metabolism and motility. However, the exploration of
other functions of HarmORs remains somewhat limited, and the in vivo
perception of endogenous hormones is not thoroughly understood. Both
human sex hormones and insect ecdysone fall under the category of
steroid hormones. Although studies have highlighted the crucial roles of
sex hormones in empathy-related measures and odor perception
[59,60], a definitive mechanism remains elusive.

To investigate the effect of hormones on ORs, we utilized H. armigera
as our experimental model, analyzing ORs within its genome and con-
ducting phylogenetic analysis. Through transcriptome screening, OR75
and OR48 were identified to be upregulated by insulin and 20E during
feeding and metamorphic stages, respectively. Knocking down OR75
accelerated the larval-pupal transition, and significantly promoted
apoptosis and autophagy in fat body. Whereas knocking down OR48
delayed pupation, inhibited apoptosis and autophagy in fat body.
Further investigation revealed that 20E increased OR48 expression via
the nuclear receptor EcR, while insulin upregulated OR75 expression
through its receptor InR.

2. Material and methods

2.1. Genome-wide analysis of OR genes in H. armigera

The HMMER program (http://www.hmmer.org/) was employed to
search the H. armigera genome using the 7tm Odorant receptor domain
(PF02949) with an e-value threshold of less than 1e-5. Subsequently, all
putative proteins were subjected to confirmation using SMART (htt
p://smart.emblheidelberg.de/), Pfam (http://pfam.xfam.org/), and
the NCBI CDD database (http://www.ncbi.nlm.nih.gov/cdd). Pre-
dictions of the theoretical isoelectric point (pI) and molecular weight
(MW) for each OR protein were conducted using the online tool ExPASy
(https://www.expasy.org/) [36]. Furthermore, Wolf PSORT (https:
//wolfpsort.hgc.jp/) was utilized to estimate the subcellular localiza-
tion of ORs [37].

2.2. Phylogenetic, chromosomal mapping, gene duplication, conserved
motif, gene structure, and protein interaction analyses

The HarmOR family proteins underwent multiple sequence align-
ment using MEGA11 (http://www.megasoftware.net/). Subsequently, a
phylogenetic tree was established using the Neighbor-joining (NJ)
approach with a bootstrap of 1000 replications [38]. The resulting NJ
tree was visualized using iTOL v6 (http://itol.embl.de/) [39]. The
chromosomal location map of the OR genes was generated using Map-
Chart software [40], and further refined using Adobe Illustrator CS6
software for clarity. BLAST analysis was employed to examine the
duplication pattern of each OR gene. Conserved motifs were estimated
using MEME Suite (http://meme-suite.org/). Collinearity relationships
between chromosomes in the genome were assessed using McscanX
software [41], and the syntenic relationship of duplicated genes was
depicted using the Circos program [42]. The HarmOR protein interac-
tion network was established using STRING (https://string-db.org/)
[43] and visualized using Cytoscape.

2.3. Split-ubiquitin membrane yeast two-hybrid (MYTH) assay

MYTH assay was performed essentially as described previously.
Briefly, the yeast strain NMY 51was co-transformed with the bait (pBT3-
N derivatives) and prey (pPR3-N/C derivatives) plasmids. Trans-
formants were plated onto a synthetic dropout medium lacking trypto-
phan and leucine (SD-LW) and a selective medium lacking tryptophan,
leucine, histidine, and adenine (SD-LWHA). For MYTH assay constructs,
primers were listed in Supplementary Table S1.

2.4. Insects and cells

Specimens of H. armigera were sourced from Keyun Biology (China)
and maintained on a custom artificial diet, with regular food changes.
Larvae were reared at a temperature of 26 ± 1 ◦C under 14:10-h light/
dark cycle. To ensure data consistency and reliability, samples with
identical morphological features were randomly selected. HaEpi cells,
previously derived from the epidermis of fifth instar larvae [44], were
cultured at 27 ◦C in Grace's insect cell culture medium (11300–043,
Gibco, USA) supplemented with 10 % fetal bovine serum (FBS;
16,140,063, Gibco, USA).

2.5. Real-time quantitative reverse transcription PCR (RT-qPCR)

Total RNA was extracted from larvae, pupae, and adults using TRIzol
reagent (Tiangen Biotech, Beijing, China), followed by cDNA synthesis
using a reverse transcription kit (R323–01, Vazyme Biotech, Nanjing,
China). RT-qPCR was performed using ChamQ Universal SYBR qPCR
Master Mix (Q711–02, Vazyme Biotech, Nanjing, China) on a LightCycle
480 instrument (Roche), with primer pairs listed in Table S1. β-Actin
served as the internal standard, and relative expression levels were
computed using the 2–ΔΔCt approach. Data indicate the mean of 3 bio-
logical replicates and were analyzed using the formula R = 2− (sample
ΔCt–control ΔCt) [13].

2.6. Hormonal induction

The 20E (16,145, Cayman Chemical, MI, USA) was diluted to 10 mg/
mL in DMSO (D8371, Solarbio, Shanghai, China), while insulin (P3376-
400 IU, Beyotime Biotechnology, Shanghai, China) was diluted to 100
ng/μL in sterile PBS (pH 7.4, 1.8 mM KH2PO4, 10 mMNa2HPO4, 2.7 mM
KCl, and 140mMNaCl). Sixth-instar larvae, aged 6 h, were injected with
varying concentrations and time gradients of 20E and insulin, with
DMSO and PBS serving as respective controls. Total mRNA was then
extracted and quantitatively analyzed using RT-qPCR. HaEpi cells were
exposed to 5 μg/mL insulin and 5 μM 20E [14,15], while PBS and DMSO
were employed as solvent controls. The molar concentration of 20E was
determined using the formula c = ρ/M, where c represents the molar
concentration of 20E, ρ is the mass of 20E in 100 μL of hemolymph, and
M is the molar mass of 20E (480.63 g/mol) [16].

2.7. RNA interference (RNAi) in larvae

The T7 promoter was ligated to the 5′-end of the interfering primer,
initiating amplification of the targeted gene segment. The T7-RiboMAX-
Express-RNAi-System (Promega, USA) was used for dsRNA synthesis.
The concentrations of dsRNA were assessed using a NanoDrop-2000
spectrophotometer, and its quality was evaluated by 1 % agarose gel
electrophoresis. Similar larvae were chilled on ice for 30 min until they
became immobile. Then, 3 μg dsRNA was injected into each larva at the
4th appendage once every 24 h for 3 injections. Each injection was
performed in triplicate with 30 larvae each time. An equal amount of
dsGfp was utilized as a control. The effect of RNAi was assessed through
RT-qPCR.
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2.8. Histological analysis

The larval midgut and fat body was isolated, followed by fixation
with 4 % paraformaldehyde at 4 ◦C overnight and gradual dehydration.
Subsequently, the tissue was embedded in molten paraffin and sliced
into 7-μm sections using a paraffin-slicing machine (Leica RM2245).
These sections were then affixed to gelatin-coated glass slides, followed
by drying at 42 ◦C overnight. After dewaxing, the tissue sections un-
derwent gradual rehydration, followed by digestion with 20 mM pro-
teinase K for 10 min at 37 ◦C. H&E staining was performed on the tissue
sections using the H&E staining kit (C0105S, Beyotime Biotechnology,
Shanghai, China). The paraffin-embedded fat body was cut into 4 μm
fragments, fixed on glass slides, and then dried at 60 ◦C for 2 h, stained
according to the YF488 TUNEL apoptosis detection instructions (T6013,
US EVERBRIGHT INC, Suzhou, China). Servicebio company conducted
the transmission electron microscopy (TEM) scanning. A fluorescence
microscope (Olympus BX51) was employed to visualize positive signals.

2.9. Overexpression of OR proteins in HaEpi cells

The open reading frames (ORFs) of HarmOR48 and HarmOR75 were
amplified using their corresponding primers (Table S1) and subse-
quently inserted into the pIEx-4-GFP-His plasmid. Recombinant vectors
were constructed wherein the C-terminal of the target protein was fused
with GFP and histidine tags. The plasmid (5 μg/mL) was transfected into
HaEpi cells using the QuickShuttle-enhanced transfection reagent
(KX0110042, Biodragon Immunotechnologies, Beijing, China) until the
cells reached 70–80 % confluence.

2.10. Chromatin immunoprecipitation (ChIP)

The EcR-RFP-His plasmid was introduced into HaEpi cells cultured in
6-well plates at 70 % confluency and incubated for 72 h. Subsequently,
the cells were treated with 5 μM 20E for 6 h, and DMSO was utilized as a
control. The ChIP Assay Kit (P2078, Beyotime Biotechnology, Shanghai,
China) was employed for subsequent assays. The chromatin was cross-
linked by adding 1 % formaldehyde (252,549, Sigma-Aldrich, Saint
Louis, USA) to the cells and incubating them for 10 min at 37 ◦C, fol-
lowed by quenching with 125 mM glycine (P2078–2, Beyotime
Biotechnology, Shanghai, China) for 5 min. The cells were then rinsed
twice with ice-cold PBS containing 1 mM PMSF (A100754, Sangon
Biotech, Shanghai, China) and collected via centrifugation. After soni-
cation to shear the chromatin into fragments of 200 to 1000 bp, the
supernatant was collected and diluted with ChIP dilution buffer
(P2078–3, Beyotime Biotechnology, Shanghai, China) containing 1 mM
PMSF. The diluted chromatin was incubated with Protein A + G
Agarose-salmon sperm DNA (P2078–1, Beyotime Biotechnology,
Shanghai, China) at 4 ◦C for 1 h. Following centrifugation, a portion of
the supernatant was retained as an input sample for RT-qPCR, while the
remaining supernatant from the experimental group was exposed to
antibodies against RFP (AE020, ABclonal Technology, Wuhan, China) or
mouse control IgG (AC011, ABclonal Technology, Wuhan, China) at 4 ◦C
overnight, and then with Protein A + G Agarose-salmon sperm DNA at
4 ◦C for 2 h. The immunocomplex was washed sequentially with low-
salt-buffer (P2078–4, Beyotime Biotechnology, Shanghai, China),
high-salt-wash-buffer (P2078–5, Beyotime Biotechnology, Shanghai,
China), LiCl-wash-buffer (P2078–6, Beyotime Biotechnology, Shanghai,
China), and twice with TE-buffer (P2078–7, Beyotime Biotechnology,

Fig. 1. Phylogenetic tree of 81 OR sequences of H. armigera and 71 ORs of B. mori. Multiple sequence alignment of ORs of H. armigera and B. mori was performed
using ClustalW. MEGA11 was used to construct the Neighbor-Joining (NJ) tree with 1000 bootstrap replicates. Various colors indicate different groups of OR genes.

Y. Li et al.
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Shanghai, China), and the DNA was eluted in elution buffer (100 mM
NaHCO3, 1 % SDS). The DNA-protein cross-links were reversed for 4 h at
65 ◦C and exposed to RNase A (ST576, Beyotime Biotechnology,
Shanghai, China) for 1 h at 37 ◦C and proteinase K (A510453, Sangon
Biotech, Shanghai, China) for 2 h at 45 ◦C, with the input sample pro-
cessed similarly. DNA purification was carried out, followed by analysis
using RT-qPCR to determine EcR-USP1-binding elements in the OR48
promoter region using the OR48 PF/OR48 PR primer pairs (Table S1).
IgG was employed as a positive control.

2.11. Statistical analysis

The statistical analysis involved ANOVA for multiple comparisons or
Student's t-test for paired comparisons. Error bar in each figure repre-
sents the mean± SD of 3 independent experiments. Statistical difference
was assessed using a two-tailed paired test. Asterisks denote statistical
significance (*p < 0.05, **p < 0.01, and ***p < 0.001). GraphPad v7.0
was utilized for figure generation. Different lowercase letters denote
significant differences (p < 0.05) in the ANOVA test.

3. Results

3.1. Identification of OR genes in H. armigera

In total, 81 OR genes were identified in H. armigera through a
Hidden-Markov-Model (HMM) search within the genome. Further
verification was carried out utilizing the SMART, Pfam, and NCBI CDD.

The sequences were named according to their chromosomal location.
These OR genes encoded protein sequences spanning from 281 (Har-
mOR48) to 840 (HarmOR79) amino acids in length, with the majority
falling around the 400 amino acid mark. The molecular weights (MWs)
of these proteins ranged from 32.17 (HarmOR48) to 97.39 (HarmOR79)
kilodaltons (kDa), while their theoretical isoelectric points (pIs) varied
between 5.11 (HarmOR4) and 9.77 (HarmOR81). Subcellular localiza-
tion predictions were made using the WoLF PSORT website, revealing
that most ORs were situated within the plasma membrane. For detailed
information, such as gene ID, chromosome location, gene locus,
sequence length, subcellular location, pI, and MW, refer to Supple-
mentary Table S2.

3.2. Phylogenetic analysis of OR genes

To explore the evolutionary relationships among different OR genes,
we established a neighbor-joining phylogenetic tree using both HarmOR
and Bombyx mori OR genes. The phylogenetic analysis encompassed a
total of 81 HarmOR genes and 71 BmorOR genes, as depicted in Fig. 1
and Table S3. By examining sequence similarities and evolutionary
patterns, the OR genes were categorized into 15 primary groups labeled
A to O (Fig. 1). Notably, Group N comprised the largest contingent of
HarmOR genes, totaling 14, whereas Groups J and M exhibited the
smallest representation, each containing only one HarmOR gene.

Fig. 2. Distribution of OR gene pairs of chromosomes in intra-genomics of H. armigera.
The boxes represent chromosomes, and the red lines represent OR homologous pairs.

Y. Li et al.
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3.3. Chromosome locations and duplications of HarmORs

The chromosomal distribution of HarmORs within the genome was
elucidated by extracting chromosomal data and employing MapChart
for mapping [40]. Thus, 81 HarmOR genes were non-randomly and
unevenly distributed across 22 chromosomes, with no HarmOR gene
identified on chromosomes 2, 4, 11, 17, 20, 23, 29, 30, or 31 (Fig. S1).
Chromosome 9 harbored the highest count of HarmOR genes, totaling
16, followed by chromosomes 5 and 21, which contained 10 and 8
genes, respectively. The remaining chromosomes, namely 7, 8, 12, 13,
15, 16, 18, 22, 25, 26, 27, and 28, each accommodated 2 to 4 HarmOR
genes. Only one HarmOR gene was mapped onto chromosomes 1, 6, 14,
19, and 24.

Given the pivotal role of duplication events in gene family expansion
during evolution, a gene duplication analysis was conducted within the
H. armigera genome. Four gene pairs (HarmOR50/HarmOR51, Har-
mOR58/HarmOR62, HarmOR63/HarmOR65, HarmOR68/HarmOR69)
were identified as tandem duplicated and nine gene pairs (HarmOR4/
HarmOR39, HarmOR5/HarmOR40, HarmOR26/HarmOR47, Har-
mOR33/HarmOR63, HarmOR34/HarmOR64, HarmOR43/HarmOR78,
HarmOR44/HarmOR68, HarmOR46/HarmOR51, HarmOR68/Har-
mOR81) were identified as segmentally duplicated (Fig. 2). These find-
ings indicate that tandem repeat events and segmental duplication
events can regulate the expansion of HarmORs.

Additionally, we investigated the collinear relationship between
H. armigera and B. mori. A total of 48 collinear pairs of homologous genes
were identified between HarmORs and BmorORs (Fig. S2 and Table S6).
The selection pressure exerted on OR gene duplication was evaluated
through the Ka/Ks ratio (Table S7). Typically, a Ka/Ks value < 1 sig-
nifies purifying selection, a Ka/Ks ratio = 1 suggests neutral evolution,
and a Ka/Ks value > 1 indicates directional selection [45,46]. Notably,
all the Ka/Ks values were < 1, indicating that these HarmOR genes
underwent purifying selection throughout the extensive evolutionary
process.

3.4. Gene structure analysis and conserved motifs

The gene architecture serves as both the structural framework and
evolutionary signature of the gene, offering insights into the gene fam-
ily's structural evolution. As illustrated in Fig. S3, all HarmOR genes
exhibit a combination of exons and introns. The majority of HarmOR
members (95 %) display 4–12 exons, with exceptions such as Har-
mOR14, HarmOR21, and HarmOR79, which respectively feature 20, 18,
and 14 exons. Conversely, HarmOR38 presents a minimalistic structure
with only 2 exons and 1 intron. Within the same cluster, members often
share similar sequence features, indicating their close evolutionary
proximity (Table S4).

To elucidate the diversity within the OR family genes, we conducted
predictive analysis of conserved motifs. We identified 10 conserved
motifs (Motif 1 to Motif 10) within theHarmOR family, varying in length
from 15 to 96 amino acids (Fig. S4). The protein sequences corre-
sponding to these motifs can be found in Table S5. The majority of
HarmOR proteins (96.3 %) harbor 2–6 conserved motifs, though ex-
ceptions such as HarmOR8, HarmOR21, and HarmOR79 exhibit an
expanded motif repertoire, containing 10 and 12 motifs respectively.
Notably, certain motifs, such as Motif 1 and Motif 2, demonstrate
widespread presence across most HarmORs, albeit with a few exceptions
such as HarmOR23 and OR75–77. Moreover, closely related HarmOR
proteins within neighboring clades of phylogenetic trees tend to exhibit
identical or similar motif compositions, suggesting a correlation be-
tween evolutionary relatedness and motif structure.

3.5. Interaction network of HarmOR proteins

A protein interaction network was established to explore the in-
teractions between HarmOR and other proteins in H. armigera (Fig. S5).

Thirteen proteins were mapped onto this network, comprising nine from
the HarmOR family and four from other protein families. These findings
imply that the functions of certain HarmOR proteins may rely on in-
teractions with other proteins. Furthermore, the interactions between
HarmOR50 and predicted interactive proteins (IR25a, GluD1, GPRgr22,
and GPRgr24) were confirmed by MYTH assay (Fig. S6). The relevant
information of interacting proteins, including predicted binding scores,
was presented in Table S8.

3.6. Identification of OR75 and OR48 as targets of insulin and 20E
upregulation

To identify ORs exhibiting high expression levels during feeding and
metamorphosis stages, we compared the transcriptome data of the
epidermis at these respective stages inH. armigera. 70 ORs were detected
in the epidermis. OR75 emerged as highly expressed during the feeding
stage (6th-24 h), whereasOR48 exhibited upregulated expression during
the metamorphosis stage (6th-96 h) (Fig. S7A). Eight ORs were chosen
for qRT-PCR to corroborate the transcriptome findings (Fig. S7B). The
expression profiles of OR75 and OR48 were further examined elucidate

Fig. 3. Insulin upregulated the expression of OR75 and 20E upregulated the
expression of OR48. (A-B) Relative expression levels of OR75 and OR48 in the
antenna, epidermis, midgut and fat body detected by RT-qPCR. 5F, fifth instar
feeding larvae; 5 M, fifth instar molting larvae; 6th-6 h–120 h, sixth instar
larvae at different stages; P2 d to P8 d, 0- to 8-day-old pupae; Adult, adult. F,
feeding; M, molting; MM, metamorphic molting; P, pupae. (C-D) Relative
expression levels of OR75 in antenna after insulin injection over dosage and
time. (E-F) Relative expression levels of OR48 in antenna after 20E injection
over dosage and time. Paired data were statistically analyzed using Student's t-
test; ns indicates no significance; asterisks indicate significant differences (*p <

0.05, **p < 0.01, ***p < 0.001). The bars in the figures represent the mean
standard deviation (SD) for three separate biological experiments.

Y. Li et al.
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their roles in insect development. OR75 demonstrated elevated expres-
sion levels during feeding stages (6th-6 h to 6th-48 h), while OR48
displayed heightened expression during wandering and pupal stages
(6th-72 h to P8) (Fig. 3A and B). These results suggest distinct roles for
different odorant receptors during feeding and non-feeding periods,
with OR75 primarily active during feeding and OR48 predominantly
involved during non-feeding stages.

To elucidate the mechanisms underlying the function of different
ORs at various stages, we determined the impact of insulin and 20E by
treating the hemocoel of 6th-6 h larvae with varying concentrations of
these substances. The findings demonstrated that insulin, in a
concentration/time-dependent fashion, upregulated the mRNA level of
OR75 (Fig. 3C and D), while 20E, in a concentration/time-dependent
fashion, upregulated the mRNA level of OR48 (Fig. 3E and F).

3.7. Knockdown of OR75 advances the larval-pupal transition

To assess the involvement of OR75 in the insulin signaling pathway
in vivo, we utilized RNAi to knock down OR75 expression in larvae by
injecting dsOR75 into the hemocoel of 6th-6 h larvae. Subsequent RT-
qPCR analysis confirmed successful OR75 knockdown in the antenna
(Fig. 4A). Notably, knockdown of OR75 led to accelerated pupation,
occurring approximately 33 h earlier compared to the control group

(Fig. 4B-D). Additionally, larvae in the dsOR75 group exhibited a red
appearance in the midgut, indicative of larval midgut programmed cell
death during metamorphosis, a phenomenon not observed in the dsGfp
group (Fig. 4E). This indicates that larvae in the dsOR75 group initiated
metamorphosis earlier than the control group. HE staining further
revealed the formation of imaginal midgut after dsOR75 injection,
whereas no such formation occurred after dsGfp injection for 60 h
(Fig. 4F). After knocking down OR75 promoted the dissociation of fat
body and enhanced apoptosis signals (Fig. 4G). TEM showed that
compared with dsGfp, knocking down OR75 increased the number of
autophagosomes (including degenerated organelles or degraded lipid
droplets) in fat body (Fig. 4H-Hi), indicating that OR75 can significantly
inhibit apoptosis and autophagy.

3.8. Knockdown of OR48 delays pupation

To verify the functional role of OR48 in 20E-mediated pupation, we
injected dsRNA targeting OR48 into the hemocoel of sixth instar larvae
at 6 h to knock down OR48 expression. Significant knockdown of OR48
was found in the larval antenna compared to the dsGfp control (Fig. 5A).
Following OR48 knockdown, larvae exhibited delayed pupation
compared to those receiving dsGfp (Fig. 5B). The survival rate after
OR48 knockdown was 68.9 %, with a normal pupation rate of 3.3 % and

Fig. 4. OR75 knockdown via RNAi in larvae accelerated pupation time. (A) Efficacy of OR75 knockdown in larvae by RT-qPCR analysis (sixth instar 6 h larva for the
first dsGfp or dsOR75 injection, 24 h later for the second injection, 3 μg dsRNA/larva). (B) Phenotypes after injection of dsGfp and dsOR75; the ruler represents 1 cm.
(C) The phenotypes ratio after OR75 knockdown. (D) Average pupation time after knockdown of Gfp and OR75. (E) Morphology of the midgut. (F) H&E staining was
used to evaluate the morphological changes of the midgut after Gfp and OR75 knockdown. (G) H&E staining and TUNEL staining showing fat body morphology after
Gfp and OR75 knockdown. The green fluorescence in TUNEL staining shows the apoptotic cell area in the fat body, while the blue represents the nucleus of the cell.
(H) TEM observation after injection with dsOR75 in the fat body. The red arrows indicated autophagosomes. LD: lipid droplets. (Hi) The number of autophagosomes
contained in three different images. The area of each image is approximately 0.09 mm2. Paired data were statistically analyzed using Student's t-test; asterisks
indicate significant differences (**p < 0.01, ***p < 0.001). The bars in the figures represent the mean standard deviation (SD) for three separate biological
experiments.

Y. Li et al.
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a delayed pupation rate of 65.6 %, significantly differing from the dsGfp
control (p < 0.01, Fig. 5C). Statistical analysis revealed a pupation delay
of 31 h after dsOR48 injection compared to dsGfp (Fig. 5D). As opposed
to the dsGfp group, larvae in the dsOR48 group did not exhibit a red
appearance in the midgut (Fig. 5E), indicating a delayed entry into
metamorphosis compared to the control group. HE staining indicated
that while midgut remodeling occurred in the dsGfp group, imaginal
midgut development had not yet commenced in the dsOR48 group
(Fig. 5F). After knocking down OR48, fat body dissociation was
inhibited, lipid droplets no longer decomposed and decreased, and
apoptosis signals weakened (Fig. 5G). TEM showed that compared with
dsGfp, knocking down OR48 resulted in a reduction of typical auto-
phagosomes encapsulated by a single or double membrane (Fig. 5H-Hi).
This indicated that OR48 can promote autophagy and apoptosis in fat
body.

3.9. 20E promotes OR48 localization on cell membrane

To investigate the impact of 20E and insulin on the subcellular
localization of OR48 and OR75, we examined their distribution within
the cell. Antibody detection revealed that in HaEpi cells treated with
DMSO as a control, OR48 was predominantly localized in the cytosol.
However, upon 20E stimulation, OR48 exhibited distribution in both the

cytoplasm and cell membrane (Fig. 6A). Similarly, OR75was found to be
localized in both the cytoplasm and cell membrane under the PBS con-
trol conditions. Notably, OR75 maintained its localization in both
compartments upon insulin stimulation (Fig. 6B). These observations
suggest that both OR48 and OR75 exert their functions within both the
cell membrane and cytoplasm. Furthermore, OR48 appears to undergo
translocation to the cell membrane specifically under 20E stimulation.

3.10. Regulation of OR48 by 20E via EcR and OR75 by insulin via InR

The putative promoter sequence for each OR gene was defined as the
upstream 2 kb region. Upon analyzing the OR48 promoter, a conserved
ecdysone-response-element (EcRE) binding site was identified, charac-
terized by the sequence 5’-AAGCTCGGTGAAACC-3′ (Fig. 7A). Knock-
down of EcR, encoding the 20E nuclear receptor, resulted in decreased
OR48 expression (Fig. 7B). Furthermore, the ChIP assay demonstrated
that 20E enhances OR48 transcription by facilitating EcR binding to
EcRE (Fig. 7C). These findings suggest that 20E stimulates OR48
expression through its nuclear receptor. Similarly, to investigate the
upregulation of OR75 expression by insulin, dsInR was administered to
6th-6 h larvae to suppress insulin receptor expression, with dsGfp
serving as a control. The expression of OR75 was reduced following InR
knockdown (Fig. 7D), indicating that insulin promotes OR75 expression

Fig. 5. OR48 knockdown via RNAi in larvae delayed pupation. (A) Efficacy of OR48 knockdown in larvae by RT-qPCR analysis (sixth instar 6 h larva for the first
dsGfp or dsOR48 injection, 24 h later for the second injection, 3 μg dsRNA/larva). (B) Phenotypes after injection of dsGfp and dsOR48; the ruler represents 1 cm. (C)
The phenotypes ratio after OR48 knockdown. (D) Average pupation time after knockdown of Gfp and OR48. (E) Morphology of the midgut. (F) H&E staining was used
to evaluate the morphological changes of the midgut after Gfp and OR48 knockdown. (G) H&E staining and TUNEL staining showing fat body morphology after Gfp
and OR48 knockdown. The green fluorescence in TUNEL staining shows the apoptotic cell area in the fat body, while the blue represents the nucleus of the cell. (H)
TEM observation after injection with dsOR48 in the fat body. The red arrows indicated autophagosomes. LD: lipid droplets. (Hi) The number of autophagosomes
contained in three different images. The area of each image is approximately 0.09 mm2. Paired data were statistically analyzed using Student's t-test; asterisks
indicate significant differences (**p < 0.01). The bars in the figures represent the mean standard deviation (SD) for three separate biological experiments.
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through InR.

4. Discussion

Odorant receptors (ORs) play a vital role in insect feeding. Previous
research has indicated that the divergence in taste receptors employed
by larvae and adults forms the foundation for food preference. However,
the impact of endogenous hormones remains largely unexplored. In this
study, we systematically analyzed all ORs in H. armigera and identified
OR75 and OR48 as being upregulated by insulin and 20E, respectively,
during feeding and molting stages.

4.1. Characterization of OR genes in H. armigera

ORs, initially found by Richard Axel and Linda Buck in 1991,

represent the largest subset of GPCR superfamily. Although humans
possess approximately 400 of these receptors, mice harbor over 1000 OR
genes, contrasting starkly with the mere 58 OR genes identified in Plu-
tella xylostella [47–50]. In this work, we identified 81 OR genes in
H. armigera and categorized them into 15 distinct groups. This indicated
that a substantial diversity within the OR gene family, which was crucial
for the species' ability to detect a wide range of chemical signals. The
expansion of theOR gene family inH. armigera has beenmarked by rapid
proliferation, yet the underlying evolutionary mechanisms remain
largely elusive. Various molecular processes drive gene duplication,
with resultant duplicates either forming tandem clusters or dispersing
across the genome. Furthermore, genomic rearrangements and trans-
positions can disrupt and scatter tandemly duplicated genes [51]. Our
findings indicate that both tandem replication and segmental duplica-
tion contribute to the expansion of ORs in H. armigera. The chromosomal
distribution of OR genes exhibits considerable variability across species.
In mice, these genes are dispersed throughout the genome, existing
either as solitary entities or clustered on almost all chromosomes
[52,53]. In our study, we found that ORs in H. armigera do not cluster on
specific chromosomes, with OR clusters being predominantly observed
in Hymenoptera insects, a phenomenon uncommon among other insect
species [22,54]. This observation aligns with previous research findings.
Further exploration of regulatory motifs within OR genes enhances our
comprehension of their regulatory mechanisms and their role in shaping
the diversity of olfactory experiences.

4.2. The evolution of OR gene family

The OR gene family has undergone significant expansion and
diversification across various species, including vertebrates and insects,
each following unique evolutionary trajectories and functional adapta-
tions [17–19]. In vertebrates, OR genes are encoded by a multigene
family that has expanded and diversified extensively, contributing to the
vast array of receptors expressed by olfactory sensory neurons [20].

In insects, particularly ants, the OR gene family has undergone sig-
nificant expansion, enhancing their highly developed olfactory systems.
This expansion is especially notable in ants such as the clonal raider ant,
where local tandem duplication and subsequent dispersed tandem
duplication are the primary mechanisms driving gene family expansion
[21]. These processes suggest rapid genome evolution and adaptive gene
duplication tailored to the needs of social insects, possibly related to
their complex social behaviors and communication systems. The origin
of the OR gene family in insects is hypothesized to coincide with the
evolution of a terrestrial lifestyle in hexapods, indicating that ORs
evolved as an adaptation to a terrestrial environment rather than winged
flight. This hypothesis is supported by the presence of ORs in all
analyzed insect genomes analyzed, pointing to a significant evolutionary
innovation in the ancestor of all insects [19]. The evolutionary dynamics
of OR gene families are influenced by various factors, including positive
selection, gene duplication and loss events, and lineage-specific adap-
tations. In Drosophila species, gene duplication events have played a
crucial role in acquiring new olfactory functions, with more than half of
the duplicated genes remaining as tandem arrays [22].

Our research indicates that while some OR protein motifs are nearly
identical, the evolutionary tree divides into multiple subfamilies, which
may be attributed to several factors. Functionally conserved proteins
may retain specific motif patterns even if their evolutionary pathways
differ. Proteins in different subfamilies may exhibit similar or identical
motif patterns [23]. Additionally, motif similarity may sometimes
reflect paralogous rather than orthologous homology. Although paral-
ogous proteins may share sequence similarity, their evolutionary origins
and functions can be entirely different [24].

In summary, the evolutionary relationships of the OR gene family are
characterized by extensive expansions and adaptations across different
species, highlighting its critical role in olfaction and survival. The evo-
lution of the OR gene family is shaped by genetic duplication events and

Fig. 6. 20E promotes OR48 localization on cell membrane. (A-B) Cell mem-
brane localization of overexpression of overexpressed GFP and ORs. 20E: 5 μM
for 6 h and DMSO as control of 20E. Insulin: 5 μg/mL, for 1 h and PBS as control
of insulin. Red: the cell membrane was marked by wheat germ agglutinin
(WGA). Green: green fluorescence from GFP and various ORs fused with GFP.
Blue: nucleus stained with 4′-6-diamidino-2-phenylindole dihydrochloride
(DAPI). Merge, overlapped green, blue, and red fluorescence. Observed by
confocal microscope. Bar, 20 μm.
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selective pressures related to ecological specialization and adaptive
behaviors [22,25,26].

4.3. Functional diversity of ORs and the expression of ORs under
hormone stimulation

In vertebrates, the OR gene family is responsible for the initial step of
olfactory discrimination, where specific receptors on the surface of ol-
factory sensory neurons interact with odorous ligands [17]. This inter-
action triggers a transduction cascade that ultimately results in the
perception of smell. In insects, particularly in D. melanogaster, the OR
gene family also plays a critical role in olfaction. The identification of
thousands of OR genes in Drosophila highlights the importance of this
gene family in the olfactory systems of these organisms [22]. ORs have
long been understood to serve as chemosensors in the olfactory
epithelium (OE), where they detect and distinguish volatile odorants.
Initially believed to be exclusive to the OE and specific to classic sensory
physiology, recent studies have revealed an ectopic expression of ORs in
various nonsensory tissues [27–29]. These ectopic ORs are implicated in
a range of physiological processes, from adipogenesis to myogenesis to
hepatic lipid accumulation to serotonin secretion [30]. They contribute
to maintaining oxygen homeostasis, regulating systemic blood pressure,
participating in tumor cell proliferation and metastasis, and influencing
fetal hemoglobin levels in sickle cell anemia and thalassemia [31]. This
highlights the potential therapeutic targets that ectopic ORs represent in
non-olfactory tissues.

Insects possess an exceptional olfactory acumen, owing to a diverse
array of ORs evolved to decipher crucial olfactory cues vital for their
survival [32]. Some HarmORs have been identified as larval antennal
specific gene in previous works [33]. In this study, OR48 and OR75were
also detected in the antenna and other tissues such as the epidermis,

midgut and fat body, albeit at lower expression levels compared to the
antenna. These ORs may have roles beyond food finding. The majority of
ORs are orphan receptors, lacking known ligands. Moreover, the inter-
action between ORs and ligands is essential for their function. For
instance, the novel receptor clone 29, highly homologous to the rat es-
trogen receptor (ER), exhibits specific binding affinity for 17beta-estra-
diol (E2) and stimulates gene transcription in response to E2 [34].
Research has shown that olfactory receptors function by sensing insulin
peptide ligands [35], indicating their ability to interact with hormones
such as estrogen and insulin. This suggests a mechanism through which
hormone stimulation could modulate OR function. We observed that
different ORs were regulated by different hormones and played roles in
both feeding and non-feeding stages of larvae. OR75 and OR48 were
identified to be upregulated by insulin and 20E, respectively. These
mechanisms are crucial for understanding how ORs respond to hormone
stimulation and integrate these signals into cellular responses.
Furthermore, we investigated their effects on larval metamorphosis and
speculated that they may also influence feeding and metabolism,
necessitating further investigation.

5. Conclusions

In summary, we performed a comprehensive characterization of the
HarmOR gene family and identified 81 HarmOR genes in the genome of
H. armigera. We performed phylogenetic analysis on these genes and
further categorized them into 15 groups based on their sequence simi-
larity and evolutionary relationship. We specifically examined OR48,
which exhibited high expression during metamorphosis stages, and
OR75, which showed high expression during feeding stages. We
observed that 20E increased the expression of OR48 via ECR and
induced the translocation of OR48 to the cell membrane, while insulin

Fig. 7. 20E via EcR promoted OR48 expression and insulin via InR promoted OR75 expression. (A) The EcRE site on the OR48 promoter was predicted using the
JASPAR transcription factor database. (B) The expression levels of EcR and OR48 were detected in the antenna after EcR knockdown. Statistical analysis was
conducted using ANOVA, different letters represented significant differences (p < 0.05). The bars indicate the mean ± standard deviations (SD) of three times
repetition. (C) ChIP assay showing 20E promoted OR48 expression via EcR binding to EcRE and detected by RT-qPCR. IgG is a negative control. Primer EcRE
targeting EcRE. Primer OR48, as non- EcRE control targeting to OR48 open reading frame (ORF). (D) The expression levels of InR and OR75 were detected in the
antenna after InR knockdown. Paired data were statistically analyzed using Student's t-test; asterisks indicate significant differences (*p < 0.05, **p < 0.01). The bars
in the figures represent the mean standard deviation (SD) for three separate biological experiments.
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upregulated the expression of OR75 via InR. Furthermore, we investi-
gated the functional roles of these genes. OR48 promotes the pupal
process during metamorphosis, promoting autophagy and apoptosis in
fat body, while OR75 slows down the pupation process during feeding
stage, significantly inhibiting autophagy and apoptosis in fat body.
These findings shed light on the complexity of ORs' function and their
potential as therapeutic targets in non-olfactory environments.
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