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Abstract: Empoasca onukii Matsuda is a primary pest of the tea plant Camellia sinensis (L.) O. Ktze
that severely influences the production and quality of tea products. Gustatory receptors (GRs)
are an indispensable part of the E. onukii chemosensory machinery as members of the G-protein
coupled receptor family. Insect odor and gustatory receptors are consumingly sensitive and selective
sensory receptors to search for foraging, mates, and spawning sites. In this study, the gustatory
receptor EonuGR1 was cloned and analyzed bioinformatically, and the expression levels of EonuGR1
in diverse tissues of E. onukii were tested via qRT-PCR. The behavioral response of E. onukii to volatile
compounds was determined via RNA interference and Y-tube olfactometer assays to investigate the
role of EonuGR1 in the olfactory recognition of E. onukii. The coding sequence length of EonuGR1 was
1062 bp, and the length of the protein encoded by EonuGR1 was 40.52 kD. The highest interference
efficiency was observed after 3 h of dsEonuGR1 treatment via root soak treatment. Moreover, the
response rates to phenylacetaldehyde at concentrations of 10 and 0.1 µL/mL were significantly
downregulated in E. onukii. The responses to phenylacetaldehyde at concentrations of 10 and
100 µL/mL showed a significant decrease after dsEonuGR1 treatment for 12 h in E. onukii. In
conclusion, EonuGR1 was highly expressed in the abdomen and functioned in olfactory recognition
of the tea plant volatile phenylacetaldehyde by E. onukii. Overall, EonuGR1 has the potential as a
gene target for the design of effective control strategies against E. onukii.

Keywords: Empoasca onukii Matsuda; EonuGR1; RNA interference; tea plant volatiles

1. Introduction

Tea is a common nonalcoholic beverage worldwide, and it is considered a daily
necessity in many countries [1]. Tea plants are susceptible to various diseases and pests,
which can depreciate tea production and economic efficiency. The tea green leafhopper,
Empoasca onukii (Matsuda), is a serious pest of tea trees Camellia sinensis (L.) O. Ktze, in
China [2]. In tea production, the overuse of chemical pesticides is the most widespread
method to protect tea trees from E. onukii assaults [3]. Excessive usage of pesticides could
lead to contamination of tea products and tea plantation ecosystems, ultimately posing a
risk to biodiversity and human health [4]. Therefore, novel management of pest practices
should be explored to help reduce the adverse costs of pest control chemicals.

Odor and gustation systems play an imperative role in the survival and reproduc-
tion of insects, such as foraging, mating selection, and spawning sites [5,6]. Olfaction is
amenable to host localization, whereas gustation exercises a crucial function in host selec-
tion [7]. A crucial development in insect gustation was the classification of the gustatory
receptors (GRs) family in Drosophila melanogaster [8,9]. Insect GRs specifically recognize
gustation molecules, open ion channels, and transmit nerve impulses to higher gustation
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centers, such as the suboesophageal ganglion (SOG), thus finalizing specific compound
recognition, which causes insects to exhibit avoidance, detoxification, and other behavioral
responses [10]. GRs pertain to the family of G-protein coupled receptors (GPCR) and have
seven transmembrane domains (TMDs) [11,12]. GRs have been identified in Hemiptera,
such as Cyrtorhinus lividipennis [13], Riptortus pedestris [14], Sogatella furcifera [15], and
Nilaparvata lugens [16]. Numbers of GRs were highly variable across different insect species,
and sequence similarity was low. Insect GRs are expressed in various insect tissues, in-
cluding legs, ovipositors, and mouthparts [17]. Helicoverpa armigera HarmGR9 was highly
expressed in the foregut and abdomen [18]. Plagiodera versicolora PverGR15 was expressed
at higher levels in the antennae and forelegs [19], and tissue expressions could help in the
prediction and exploration of gene functions.

Insect GRs have diverse functions in recognizing different compounds, divided into
four classes based on ligand selectivity: sugar [20,21], Gr43a-like [22], CO2 [23], and bitter
receptors [24]. The model organism D. melanogaster has a crucial role in the functional
exploration of GRs [25]. Different sugar receptors (including GR64a, GR64b, GR64c, GR61a,
and GR5a) are expressed in combination with D. melanogaster sugar-sensitive sensors [26].
Some GRs (including Gr39a, Gr89a, Gr1a, and Gr9a) are highly sensitive to the detection of
bitter substances in D. melanogaster [27]. Five GRs (including GR47a, GR32a, GR33a, GR66a,
and GR22e) were found to participate in the identification of strychnine in D. melanogaster [28–30].
In Trichogramma chilonis, coexpression of TchiGR64f1 and TchiGR64f2 achieved tuning to
sucrose, while expressing either alone produced no response [31]. Three CO2 receptors
(including GR1, GR2, and GR3) were identified among lepidopteran insects [12], such as
H. armigera [32], Mythimna separata [33], and Helicoverpa assulta [34].

Expression of specific GRs could be knocked down using RNAi for gene functional
studies with electrophysiological and behavioral methods [16,35]. For example, PxutGR1 is
specifically involved in synephrine recognition in Papilio xuthus, and the response of tarsal
taste sensilla to synephrine was patently decreased when double-stranded RNA(dsRNA)
was injected into insect pupae [36]. PxylGR34 knockdown via RNAi attenuated the gus-
tation responses to brassinolide and abolished brassinolide-induced inhibition of feeding
in Plutella xylostella [37]. Knockdown of PrapGR28 in Pieris rapae diminished the action of
adult insects, medial tarsal sensilla about sinigrin [38].

An understanding of the mechanism of interaction between insect GRs and compound
recognition is essential for the future development of E. onukii management strategies. Cur-
rently, there is a shortage of research on the function of E. onukii GRs. In our previous study,
we identified three GRs in E. onukii, and found that EonuGR1 was expressed in the antennae
and body [39]. To investigate the potential contribution of GRs in the E. onukii antennae
and body to the perception of plant volatiles, we chose EonuGR1 as the study object. In
this study, EonuGR1 was cloned and bioinformatically analyzed, and the expression of
EonuGR1 in E. onukii disparate tissues was detected via qRT-PCR. The role of EonuGR1 in
recognition of compounds using olfactory was studied through a combination of RNAi and
behavioral tests. In the future, GR-targeted control strategies like biochemical pesticides
and insect behavior regulators for E. onukii could be designed based on the study of the
function of EonuGR1.

2. Materials and Methods
2.1. Insect Culture and Reagent Materials

E. onukii adults of mixed sex and age were collected using sweep nets from tea plants in
a tea garden at Taishan Chaxi Valley Agricultural Development Co., Tai’an, China, in 2022.
Then, E. onukii were brought to the laboratory of Shandong Agricultural University (Tai’an,
China) for rearing. E. onukii were reared on fresh ‘Fudingdabai’ tea branches, which were
harvested from the Taishan Chaxi Valley Agricultural Development Co. and moisturized
with floral foam. The tea branches were replaced every 3 days to ensure adequate food for
E. onukii. E. onukii were reared in an artificial climate chamber, and our rearing conditions
were 25 ± 1 ◦C, relative humidity of 60 ± 5%, and photoperiod of 16 h:8 h (L:D).
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The volatile compounds used in our experiments were as follows: acetone (98%,
Macklin, Shanghai, China), 1-phenylethanol (98%, Macklin), phenylacetaldehyde (95%,
Macklin), and acetophenone (99%, Macklin).

2.2. Total RNA Isolation

Fifty adults of E. onukii with uniform developmental and growth states were selected
for total RNA extraction. Total RNA was isolated by a FastPure® Cell/Tissue Total RNA
Isolation Kit (Vazyme, Nanjing, China), and the absorbance value OD260nm/OD280nm of the
sample RNA was measured via a microspectrophotometer (Thermo Fisher, Waltham, MA,
USA). The cDNA was synthesized by reverse transcription after removal of genomic DNA
using MonScriptTm RTIIl All-in-One Mix (Mona, Su’zhou, China) and stored at −20 ◦C.
The cDNA of the adult E. onukii was used as a template, and primers specific for EonuGR1
were designed using Primer Premier 5.0 software, followed by PCR amplification (Table 1).
All primers were synthesized by Shenggong Bioengineering (Shanghai) Co., Ltd. The 50 µL
PCR system contained 1 µL of dNTP Mix (10 mM each), 25 µL of 2× Phanta Max Buffer
dNTP Mix, 1 µL of Phanta Max Super-Fidelity DNA Polymerase, 2 µL each of 10 µmol/L
forward and reverse primers, 1 µL of cDNA template, and 18 µL of ddH2O. The thermal
cycling conditions were 95 ◦C for 3 min, then 35 cycles of 95 ◦C for 15 s, 55 ◦C for 15 s, then
72 ◦C for 60 s, followed by incubation at 72 ◦C for 5 min.

Table 1. EonuGR1 Primers used during the experiment.

Gene Name Forward Primer Reverse Primer PCR Category

EonuGR1 GGGGTACCATGCCATTTGG-
TATTGGACAAG

CCGCTCGAGCTAAATTTGATCCATGAT-
TCTTAAAGTTCTTG RT-PCR

EonuGR1 TAGCAACTCAAGTAACCATCTA CTTAACAACCTCATTATGTCCTT qRT-PCR

dsEonuGR1 TAATACGACTCACTATAGGG
ATGCCATTTGGTATTGGACAAG

TAATACGACTCACTATAGGG CTAAATTT-
GATCCATGATTCTTAAAGTTCTTG RT-PCR

β-actin AGCGTGGTTACTCTTTCA GCAACTCGTAGGACTTCT qRT-PCR

2.3. Genetic Cloning

Based on the previous full-length mRNA sequencing of E. onukii, we obtained mRNA
(with complete cds) of the EonuGR1 protein, and mRNA sequences were further validated
via PCR and sequencing [39].

The PCR products were tested via 1% agarose gel electrophoresis with electrophoresis
buffers 1× TAE (Vazyme, Nanjing, China), then DNA fragments of matching length were
cut and recovered. Next, the plasmid was purified through FastPure® Plasmid Mini Kit
(Vazyme, Nanjing, China) and ligated into the pET-30a vector. The 10 µL of the plasmids
were transformed into Escherichia coli DH5α, and the transformation conditions were 0 ◦C
for 25 min, 42 ◦C for 90 s, then 0 ◦C for 5 min. Next, nonresistant LB solution 100 µL
was added, and the plasmids were placed in a 37 ◦C incubator and shaken for 2 h. The
plates were coated and then incubated in a 37 ◦C incubator for 12 h, and 20 positive cloned
monocultures were selected in LB liquid medium containing 100 mg/mL kanamycin after
overnight incubation at 37 ◦C. Then, the bacteriophage was identified by PCR. The PCR
system for the identification of bacterial broth was 5 µL of 2× Taq Master Mix, 0.4 µL each
of 10 µmol/L forward and reverse primers, 3.2 µL of ddH2O, and 1 µL of bacterial broth.
The reaction conditions for PCR were the same as in Methods 2.2.

2.4. Bioinformatic Techniques

Putative signal peptide was tested via SignalP 3.0 Server (https://services.healthtech.
dtu.dk/service.php?SignalP-5.0, accessed on 1 December 2022). Theoretical isoelectric
point, calculated molecular weight, and grand average of hydropathicity were detected
via ProtParm Tool (https://web.expasy.org/protparam/, accessed on 1 December 2022).
Transmembrane domains and protein subcellular localization were forecasted via the

https://services.healthtech.dtu.dk/service.php?SignalP-5.0
https://services.healthtech.dtu.dk/service.php?SignalP-5.0
https://web.expasy.org/protparam/
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DeepTMHMM (https://dtu.biolib.com/DeepTMHMM, accessed on 1 December 2022)
and WoLF PSORT (https://wolfpsort.hgc.jp/, accessed on 1 December 2022), respectively.
Secondary and tertiary structures were forecasted via Sopma (https://npsa-prabi.ibcp.fr/
cgi-bin/npsa_automat.plpage=npsa_sopma.html, accessed on 1 December 2022) and Swiss-
Model (https://swissmodel.expasy.org/interactive, accessed on 1 December 2022), respec-
tively. Protein phosphorylation sites were tested via NetPhos Server (http://www.cbs.dtu.
dk/services/NetPhos/, accessed on 1 December 2022). Hydrophilicity or hydrophobicity
of EonuGR1 were analyzed via protscale (https://web.expasy.org/protscale/, accessed
on 1 December 2022). Nucleotide sequence similarity of related species of EonuGR1 was
compared via BLASTN (http://blast.ncbi.nlm.nih.gov, accessed on 1 December 2022) of
NCBI, and DNAMAN9.0 was used for amino acid sequence homology analysis of different
species. Phylogenetic tree was built by the method of neighbor-joining using MEGA version
11 software, and the bootstrap value of the test was set to 1000 [40].

2.5. Expression Profiles of EonuGR1 in Diverse Tissues

The full-length sequence of EonuGR1 was obtained via PCR amplification, and based
on the results, qPCR-specific primers GR1-qF/GR1-qR. The β-actin (BETA-actin), as an
internal reference gene, was used to design the specific primers β-actin-F/β-actin-R to
determine the relative expression of EonuGR1 (Table 1). The reaction system for qPCR was
10 µL of 2 × ChamQ SYBR qPCR Master Mix, each 0.4 µL of 10 µm forward and reverse
primers, 0.4 µL of 50× ROX Reference Dye1, 1 µL of template cDNA, 7.8 µL of ddH2O. The
thermal cycling conditions were 95 ◦C for 30 s, then 40 cycles of 95 ◦C for 10 s, 60 ◦C for
30 s, finally, 95 ◦C for 15 s. During the qRT-PCR, three biological replicates were set up, and
the expression profiles of EonuGR1 in various tissues (antennae, head, thorax, abdomen,
and leg) of sex adult E. onukii were detected via the 2−∆∆Ct method [41].

2.6. Synthesis of dsRNA

The EonuGR1 gene fragments were cloned into the pET-30a vector and transformed
into E. coli DH5α. The amplification reactions were performed at 95 ◦C for 3 min, then
35 cycles of 95 ◦C for 15 s, 55 ◦C for 15 s, then 72 ◦C for 60 s, followed by incubation at
72 ◦C for 5 min. The plasmid was fetched and validated by Shenggong Bioengineering
(Shanghai, China) Co., Ltd. Sequencing was then used for dsRNA synthesis via a T7 RNAi
Transcription Kit (Vazyme, Nanjing, China). Plasmid purification was performed by the
magnetic bead method, and then the purified dsRNAs were checked via spectroscopy.
Next, dsRNAs were tested by 1% agarose gel electrophoresis to recognize validity.

2.7. Delivery of dsRNA via Foliar Spray and Root Soak

The following steps for dsRNA feeding are illustrated. The prepared RNAi fragment
product was thawed at −80 ◦C and adjusted to a concentration of 1000 ng/µL. Next, 400 µL
of dsEonuGR1 were pipetted into 1.5 mL RNase-free microfuge tubes (Thermo Fisher,
USA). The roots of a ‘Longjing 43’ tea seedling were cleaned with sterile water, and the
roots were air-dried until there were no droplets. Next, the roots were placed in centrifuge
tubes with dsEonuGR1 and treated as root soak. A ‘Longjing 43’ tea seedling was placed
in a centrifuge tube with sterile water, and approximately 400 µL of dsEonuGR1 solution
was sprayed directly onto the leaves of tea seedlings and treated as a foliar spray. On
the basis of the above treatment, the tea seedlings were enveloped with glass test tubes
(30 × 200 mm), and 40 adult E. onukii were inserted into each test tube. The glass test
tubes were sealed intact with sealing film. The test tubes were placed vertically upside
down in the plant incubator, with 25–28 ◦C, 45–50% rh humidity, 4000 LX light intensity,
and 12 h photoperiod. Sample collection time was scheduled at 3, 12, 24, and 48 h after
treatment, and 3 replicates of 10 E. onukii each were treated and frozen for use in liquid
nitrogen. Non-experimentally treated E. onukii adults were used as the control group, and
the interference efficiency of different treatments on EonuGR1 was analyzed using qRT-PCR
by the same test procedure as in Methods 2.5.

https://dtu.biolib.com/DeepTMHMM
https://wolfpsort.hgc.jp/
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.plpage=npsa_sopma.html
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.plpage=npsa_sopma.html
https://swissmodel.expasy.org/interactive
http://www.cbs.dtu.dk/services/NetPhos/
http://www.cbs.dtu.dk/services/NetPhos/
https://web.expasy.org/protscale/
http://blast.ncbi.nlm.nih.gov
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2.8. Y-Tube Olfactometer Assays

In our previous research, olfactory responses of E. onukii to 1-phenylethanol, acetophe-
none, and phenylacetaldehyde were studied [42], and the results showed that the E. onukii
adults were more attracted to volatiles, including phenylacetaldehyde at a concentration of
10 µL/mL, acetophenone as well as 1-phenylethanol at a concentration of 100 µL/mL. A
Y-tube olfactometer was used to determine the behavioral changes of E. onukii in response to
tea plant volatile compounds after interference with EonuGR1. To examine the interference
efficiency, E. onukii was tested for response to compounds after 3 h and 12 h of EonuGR1
interference. The Y-tube olfactometer was composed of a 60-mm-long base tube and two
60-mm-long arms at a 90◦ angle to each other. Both side arms of the Y-tube olfactometer
were connected to the taste source bottle, and the airflow was provided by a vacuum pump.
The airflow entered the two side arms of the olfactometer through activated charcoal and
humidification bottles, and the flow rate into the side arms was controlled at 400 mL/min.
Adult E. onukii entered the olfactometer from the end of the main arm. Each adult E. onukii
was individually introduced into the main arm entrance of the Y-tube olfactometer, then,
the E. onukii were observed for 5 min. If the experimental E. onukii entered either arm for
more than 3 cm and stayed for at the fewest 1 min, the result was found to be ‘choice’.
If the experimental E. onukii did not make a tangible choice in less than 5 min, the result
was found to be ‘no choice’. After 15 insects were tested, the odor source position was
inverted to prevent location effects. The Y-tube olfactometer was washed using acetone
(98%, Macklin) and heated at 100 ◦C for experimentation again after every 15 E. onukii
were tested. Thirty E. onukii adults were treated with each odor source treatment, and the
experiment time was 17:00 h–21:00 h.

2.9. Homology Modelling and Molecular Docking

The main purpose of homology modeling is to predict the structure from its sequence
with an accuracy similar to experimental results, thus providing a viable and cost-effective
alternative to generate models [43,44]. Molecular docking could provide insight into
intermolecular interactions, which is an important tool for predicting the binding type
and interaction pattern of biomolecular complexes and providing a useful reference base
and theoretical support for further experiments [45,46]. Molecular docking was applied
to explore the manner of binding of ligands to EonuGR1 via AutoDock Vina version
1.1.2 [47]. Next, the docking input files were generated via AutoDock Tools version 1.5.7 [48].
Blind docking was conducted. For Vina docking, the experimental parameters were set
according to the default parameters in the manual. The most excellent conformation
of the EonuGR1/ligand complex was measured by the lowest calculated binding free
energy. Then, the docked models of EonuGR1 interacting with ligands were built via
Discovery Studio version 2021 software and were subjected to visual analysis via PyMOL
(http://www.pymol.org/, accessed on 1 December 2022).

2.10. Statistical Analysis of Data

All data were input into an Excel spreadsheet for statistical purposes. The statistical
analyses of the number of compounds attracted to E. onukii and the EonuGR1 expression
level were conducted using SPSS version 20.0 software. The data were analyzed using LSD
and S-N-K tests, and the level of significance was at p = 0.05. The descriptive statistics were
expressed as the mean value and standard errors of the mean. The indoor entrapment effect
of E. onukii on compounds was analyzed using the chi-squared test, and the significance
threshold was * p < 0.05; ** p < 0.01. Images were drawn by Origin version 2021 software.

3. Results
3.1. Sequence Prediction Analysis of EonuGR1

The sequence obtained was identified by NCBI as the EonuGR1 sequence (accession
number OP999218). The full-length ORF was composed of 1062 nucleotides and encoded
354 amino acid residues. The molecular weight of the EonuGR1 protein was 40.52 kD,

http://www.pymol.org/
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and the PCR-amplified sequences were examined by gel electrophoresis (Figure 1). The
prediction of the transmembrane structural domain showed 7 typical transmembrane helix
regions between amino acids located at 19–34, 56–74, 109–127, 142–166, 214–235, 243–264,
and 324–354 (Figure 2a). There were 26 phosphorylation sites in the EonuGR1 protein,
mainly concentrated in serine and threonine (Figure 2b), and it did not contain a signal
peptide (Figure 2c). According to glycosylation site prediction, there were 51 glycosylation
sites in the EonuGR1 protein, mainly serine and threonine (Figure 2d). The hydrophobic
region of the EonuGR1 protein was larger than the hydrophilic region, with an overall
average hydrophilic value of 0.565. Combined with the location of the transmembrane
region, this value indicates that the transmembrane region of the EonuGR1 protein was
hydrophobic (Figure 2e). As shown in Table S1 and Figure 2f, α-helices and irregular
coils were the major secondary structural components of the EonuGR1 protein, accounting
for 57.22% and 22.66% of the total structure, respectively, while β-strands accounted for
only 1.42%. In the tertiary structure prediction, the conserved structural domain of 7tm_7
(positions 1–346) was contained in EonuGR1 protein. There was an intracellular N-terminus
and an extracellular C-terminus in EonuGR1 protein.

Agronomy 2023, 13, x FOR PEER REVIEW  6  of  17 
 

 

level were conducted using SPSS 20.0 software. The data were analyzed using LSD and S-

N-K tests, and the level of significance was at p = 0.05. The descriptive statistics were ex-

pressed as the mean value and standard errors of the mean. The indoor entrapment effect 

of E. onukii on compounds was analyzed using the chi-squared test, and the significance 

threshold was * p < 0.05; ** p < 0.01. Images were drawn by Origin version 2021 software. 

3. Results 

3.1. Sequence Prediction Analysis of EonuGR1 

The sequence obtained was identified by NCBI as the EonuGR1 sequence (accession 

number OP999218). The full-length ORF was composed of 1062 nucleotides and encoded 

354 amino acid residues. The molecular weight of the EonuGR1 protein was 40.52 kD, and 

the PCR-amplified sequences were examined by gel electrophoresis (Figure 1). The pre-

diction of the transmembrane structural domain showed 7 typical transmembrane helix 

regions between amino acids located at 19–34, 56–74, 109–127, 142–166, 214–235, 243–264, 

and 324–354  (Figure 2a). There were 26 phosphorylation sites  in  the EonuGR1 protein, 

mainly concentrated in serine and threonine (Figure 2b), and it did not contain a signal 

peptide (Figure 2c). According to glycosylation site prediction, there were 51 glycosylation 

sites in the EonuGR1 protein, mainly serine and threonine (Figure 2d). The hydrophobic 

region of the EonuGR1 protein was  larger than the hydrophilic region, with an overall 

average hydrophilic value of 0.565. Combined with  the  location of  the  transmembrane 

region, this value indicates that the transmembrane region of the EonuGR1 protein was 

hydrophobic (Figure 2e). As shown in Table S1 and Figure 2f, α-helices and irregular coils 

were the major secondary structural components of the EonuGR1 protein, accounting for 

57.22% and 22.66% of the total structure, respectively, while β-strands accounted for only 

1.42%. In the tertiary structure prediction, the conserved structural domain of 7tm_7 (po-

sitions 1–346) was contained in EonuGR1 protein. There was an intracellular N-terminus 

and an extracellular C-terminus in EonuGR1 protein. 

 

Figure 1. PCR amplification of the EonuGR1 gene. 

Figure 1. PCR amplification of the EonuGR1 gene.

3.2. Sequence Alignment and Tissue Expression Profiling

The sequence similarity of EonuGR1 and other Hemiptera GRs ranged from 15% to 20%.
The similarity between EonuGR1 and HvitGR1 (KAG8299343.1) was 17.14%, while the simi-
larity of EonuGR1 to NvirGR1 (CAH1401484.1) and AlucGR1 (KAF6207104.1) was 16.19%
and 16.67%, respectively. The sequence similarity of EonuGR1 to SyanGR22 (AXY87931.1)
was low at 15%. In particular, similar sequences converged in the middle and at the end,
according to the comparison of EonuGR1 with other Hemiptera GRs (Figure 3a). The phylo-
genetic tree showed that EonuGR1 clustered with GR22 and GR63a of Apolygus lucorum,
Aphis gossypii, Myzus persicae, and Acyrthosiphon pisum, and it was in a minimal branch
alone (Figure 3b). After kinship prediction, tissue expression profiles were determined, and
EonuGR1 was mainly expressed in the abdomen of male and female adults, with expression
amounts of 3.01 ± 0.08 and 2.76 ± 0.10, respectively, which were higher than those in
other tissues in E. onukii (Figure 3c). The expression of EonuGR1 in the abdomen of male
and female adults was 21.5-fold and 23-fold higher than that in the legs, respectively. In
addition, the expression of EonuGR1 in the antennae of male and female adults was compa-
rable and higher than those in the head and thorax, with expression levels of 1.10 ± 0.08
and 1.10 ± 0.35, respectively, which were approximately 2.5-fold and 3.3-fold higher than
those in the thorax and abdomen. There was no significant difference between male and
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female adults in the same tissue (p > 0.05). However, there was a significant difference in
expression between diverse tissues of the same sex (F = 78.303, d.f. = 9, p < 0.01).
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Figure 2. Prediction of EonuGR1 protein in E. onukii. (a) Transmembrane domain analysis of the
EonuGR1 protein. (b) Phosphorylation site analysis of the EonuGR1 protein. (c) Protein signal
peptide analysis of the EonuGR1 protein. (d) Glycosylation site analysis of the EonuGR1 protein.
(e) Hydrophilic analysis of the EonuGR1 protein. (f) Secondary and tertiary structure prediction of
the EonuGR1 protein.
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Figure 3. Sequence analysis and tissue expression profile of EonuGR1. (a) Multiple sequence com-
parison of EonuGR1 and GRs of hemipteran insects. (b) Phylogenetic tree of EonuGR1 and GRs
of hemipteran insects. (c) Expression distribution of EonuGR1 in different tissues. Note: (a) Black
regions represent the similarity of 100%, pink regions represent the similarity of more than 75%,
blue regions represent the similarity of more than 50%. (b) Various insect species are represented
by diverse colors in evolutionary tree. Black indicates Empoasca onukii; Red indicates Acyrthosiphon
pisum; Orange indicates Aphis gossypii; Blue indicates Bemisia tabaci; Green indicates Halyomorpha
picus; Purple indicates Nilaparvata lugens; Navy blue indicates Apolygus lucorum; Brown indicates
Myzus persicae; Olive green indicates Adelphocoris lineolatus; Grey indicates Homalodisca vitripennis.
The number on the branch indicates the confidence value, and the EonuGR1 is represented by a red
star. (c): A: antennae; H: head; T: thorax; Ab: abdomen; L: leg. Data are mean ± SE in the figure.
Diverse lowercase letters on bars of the same color demonstrate significant differences in the relative
expression levels of EonuGR1 among diverse tissues of male and female adults by LSD and S-N-K
(p < 0.05).

3.3. In Vitro Synthesis and RNAi Interference Efficiency Analysis

dsEonuGR1 was synthesized in vitro using the T7 RNAi Transcription Kit and verified
by 1% gel electrophoresis, which showed a bright single band at approximately 1000 bp,
indicating that the sequence length of the synthesized product was in tune with the size
of EonuGR1 (Figure 4a). The concentrations of the products were measured to be above
2500 ng/µL, which was sufficient to interfere with EonuGR1 and met the criteria to be used
in subsequent experiments. The expression of EonuGR1 decreased significantly after 3 h of
E. onukii feeding on foliar spray with dsEonuGR1. Its expression was 0.41 ± 0.03, and at
48 h, it was 0.84 ± 0.04. There was a highly significant difference between the expression
of the different time treatments on the foliar spray treatment and control (p < 0.01). The
expression of EonuGR1 decreased to 0.24 ± 0.01 after 3 h and 0.80 ± 0.06 at 48 h after root
soak treatment. There was a significant difference in expression between the disparate time
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treatments (p = 0.03). The interference efficiency of foliar spray treatment on EonuGR1 at 3,
12, 24, and 48 h was 59.05%, 54.31%, 23.30%, and 16.43%, respectively, while it was 75.67%,
48.04%, 41.07%, and 19.93% at 4 time points of root soak treatment (Figure 4b).
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 Figure 4. Interference efficiency of feeding dsEonuGR1 to E. onukii. (a) PCR amplification of
dsEonuGR1. (b) Interference efficiency of different feeding methods on EonuGR1. Note: β-Actin, as a
reference gene, was used for the assay of EonuGR1 expression profiles in disparate tissues. Data are
the mean ± SE, and lowercase letters represent significant differences (p < 0.05).

3.4. Responses to Compounds after Interferencing with EonuGR1 in E. onukii

The RNAi efficiency showed that the root soak treatment was more stable and superior
to foliar spray. Therefore, E. onukii interferenced with EonuGR1 for 3 and 12 h were tested
with a Y-type olfactometer. After 3 h, the response rates of E. onukii to phenylacetaldehyde
at concentrations of 10 µL/mL (χ2 = 18.484, d.f. = 1, p < 0.01), 0.1 µL/mL (χ2 = 5.272,
d.f. = 1, p = 0.022) and 1-phenylethanol at a concentration of 10 µL/mL (χ2 = 0.521,
d.f. = 1, p < 0.01) were significantly downregulated by 33.33%, 20%, and 30%, respectively
(Figure 5a). After E. onukii interferencing with EonuGR1 for 12 h, the response of E. onukii
to phenylacetaldehyde at concentrations of 10 µL/mL (χ2 = 7.521, d.f. = 1, p < 0.01) and
100 µL/mL (χ2 = 0.18, d.f. = 1, p > 0.05) and to acetophenone at a concentration of 10 µL/mL
(χ2 = 1.636, d.f. = 1, p > 0.05) showed a significant decrease in the response of 30%, 30%,
and 33.33%, respectively, and a highly significant difference between phenylacetaldehyde
at a concentration of 10 µL/mL and the control (Figure 5b).

3.5. Homology Modeling and Molecular Docking

Binding models showed that most of the ligands were bound to the hydrophobic
cavity of EonuGR1, and were close to the majority of hydrophobic residues near nu-
merous hydrophobic residues. As the docking results showed, the binding energies of
1-phenylethanol, acetophenone, and phenylacetaldehyde with EonuGR1 were −4.79, −4.81,
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and −5.05, respectively. The ligand energies of the three compounds bound to EonuGR1
were −0.56, −0.53, and −0.53, respectively (Figure 6).
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Figure 5. Response rate to compounds after interference with EonuGR1 by E. onukii. (a) Response
rate of E. onukii to compounds after 3 h of interference with EonuGR1. (b) Response rate of E. onukii to
compounds after 12 h of interference with EonuGR1. Note: Asterisks represent significant differences
in a selection test (* p < 0.05; ** p < 0.01); N.S. represents no significant difference.
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4. Discussion

Gustation has a pivotal effect on insect survival strategies, and it is therefore essential
to explore insect gustatory receptors [12]. In this study, the sequence of EonuGR1 was
obtained by cloning in E. onukii, with 7 transmembrane structural domains. There was
an intracellular N-terminus and an extracellular C-terminus in EonuGR1 protein, and the
present results were similar to those of previous studies [11,24]. The conserved domain
7tm_7 (positions 1–346) was found in EonuGR1, classified as a G protein-coupled receptor,
a family that includes gustatory and odor receptors. The family is mainly derived from
insects, such as D. melanogaster and Anopheles gambiae, showing a relatively significant
sequence divergence and consistent with the ancient origin [49,50]. In our results, the
sequence similarity between EonuGR1 and other hemipteran insect GRs ranged from 15%
to 20%, and EonuGR1 has a relatively high sequence similarity of 17.14% with HvitGR1,
which is associated with a high degree of GR differentiation [7]. The sequence similarity
of lepidopteran insect GRs ranged from 10% to 95% due to the evolution of the GRs from
olfactory genes of ancient parents [51,52]. EonuGR1 clustered with GR22 and GR63a of
Lepidoptera insects, such as A. lucorum, A. gossypii, and M. persicae, suggesting that they
may belong to the same class of proteins and perform similar functions. GR22 is highly
conserved among different species, such as Tribolium castaneum, A. gambiae, Aedes aegypti,
and Bombyx mori, and it has important functions in insects [49,53,54].

In this study, EonuGR1 was highly expressed mainly in the abdomen of adult E.
onukii, followed by high expression in the antennae. GRs were distributed differentially
in the thoracic, ventral, and reproductive organs, and it is speculated that these GRs are
related to courtship localization [55–57]. Injection of NlugGR7 into female adult N. lugens
showed a reduction in ovarian yolkogenic protein in the ovaries, with implications for
population reproduction [58]. GR33a functions in the detection of nonvolatile and repulsive
chemicals, such as male pheromones, involved in the courtship and reproduction process
in D. melanogaster [59]. Whether the specific expression of EonuGR1 in the abdomen is
related to its courtship and reproductive behaviors should be further investigated via RNAi.
Notably, GRs are distributed widely in gustatory tissues, such as the labellum, upper lip,
pharynx, antennae, and mandibular whiskers, and are linked inextricably to many olfactory
and gustatory receptors in insect heads [60]. The expression level of EonuGR1 in antennae
is high, which is similar to the expression of BtabGR1 and BtabGR2 in Bemisia tabaci, and
the Heliothis virescens GRs are also distributed mainly in the antennae, which is associated
with the reams of gustatory receptors in the head [61,62]. DmGR genes exist in abdominal
tissues and taste organs, which is similar to our results [63,64].

RNAi has become a crucial technique for gene function exploration and a potential
means of pest control [65–67]. The changes in EonuGR1 RNAi efficiency via foliar spray
decreased by 31.01%, mainly from 12 to 24 h. Root soak treatments decreased by 31.01%
and 21.14% from 3 to 12 h and 24 to 48 h, respectively. Decreases in RNAi efficiency were
mainly concentrated in the early stage, with gene expression being lowest at 3 h, and
RNAi was significantly more effective and stable via root soak treatment than via foliar
spray treatment. Delivering dsRNA by root absorption or injection into plant vessels could
deliver dsRNA to phytophagous insects that naturally acquire dsRNA through sucking
or chewing [68]. The roots of rice plants were immersed in a solution containing dsRNA
targeting carboxylesterase and a cytochrome P450 (Cyp18A1) from N. lugens. When the
N. lugens nymphs fed on treated plants, the target genes were knocked down, thus leading
to high mortality in insects [69]. The dsRNAs were absorbed through root soaking into
the plant vascular bundle and remained there for a long time, possibly increasing insect
mortality [70]. Likewise, Ostrinia furnacalis was observed to have a high mortality rate
when maize seedlings were irrigated with dsRNA of Kunitz-type trypsin inhibitors [71].
The processing of dsRNAs into siRNAs via endogenous plant RNAi pathways also affects
their efficiency [69,72]. Our experiments verified that root soak treatment and interfer-
ence for 3 h were the best method and experimental time for interference with E. onukii
genes, respectively.
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Insect GRs can recognize a wide range of substances, including sugar substances such
as fructose [18,73,74], sucrose [75], glucose [76], and maltotriose [20], as well as bitter sub-
stances including strychnine [30], nicotine [36], caffeine [77] and saponin [78]. In particular,
GRs also have recognition functions for individual volatiles. For example, TchiGR43a tunes
both fructose and inositol in Trichogrammachilonis [79]. GR61a and GR5a can function in
the detection of amino acids in D. melanogaster [80,81]. PxylGR34 is a relevant receptor for
the detection of brassinolide and 24-epibrassinolide in P. xylostella [37]. Previous studies
showed that 63%, 70%, and 67% of E. onukii adults responded to phenylacetaldehyde at
concentrations of 0.1, 10, and 100 µL/mL and were more attracted to phenylacetaldehyde
at concentrations of 10 and 100 µL/mL [42]. After interference with EonuGR1 for 3 h, the re-
sponses to acetophenone decreased insignificantly, with no significant differences from the
controls, and some decrease for 1-phenylethanol at 10 µL/mL, but no significant differences
at other concentrations in E. onukii. However, the responses of E. onukii to phenylacetalde-
hyde at concentrations of 0.1 and 10 µL/mL were significantly downregulated. At 12 h, the
response rate to acetophenone and 1-phenylethanol was less variable and not significantly
different from the control in E. onukii. However, the responses to phenylacetaldehyde at 10
and 100 µL/mL decreased significantly. The injection of dsPxutGR1 into the body strongly
reduces ovulatory behavior in response to synephrine in Papilio xuthus, thereby affecting host
localization [36]. The behavioral selection probability for phenylacetaldehyde was reduced
after interference with EonuGR1, and considering this information and its high expression
in the abdomen of adults, we speculated that EonuGR1 may participate in oviposition local-
ization through its involvement in phenylacetaldehyde recognition in E. onukii. Olfaction
sensing allows organisms to recognize volatile cues in insects and gustatory receptors may
be involved in their localization through olfactory host recognition [82].

Insect gustatory and olfactory stimulus interactions play a role in the perception of
host localization [81]. In addition, the docking results showed a binding energy value
of -5.05 between EonuGR1 and phenylacetaldehyde, which was higher than its binding
ability with 1-phenylethanol (−4.79) and acetophenone (−4.81), thus predicting a stronger
recognition ability of EonuGR1 for phenylacetaldehyde. The interactions of key residues
were predicted, such as VAL, TRP, ILE, and LEU, with hydrophobic residues, especially
TRP-198, suggesting they may function in the binding of EonuGR1 to phenylacetaldehyde.
Based on the functions of insect GRs in host localization, GR-targeted pest control strategies
have been proposed. For example, silencing PxylGR34 via RNAi caused aversive behavior
of adult P. xylostella to oleoresinolide, thus reducing pest damage to the host crop [37].
In our study, we clarified the biological information and expression profile of EonuGR1
and made an attempt for the function of EonuGR1 in recognizing tea tree volatiles, which
provides a reference for elucidating the molecular mechanism of GRs in E. onukii.
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