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Simple Summary: The chemosensory system plays an important role in insect behavior, such as
foraging, mating, host-seeking, oviposition, and so on. In contrast with the transcriptome of the
antennae, the transcriptome of the forelegs studied in Coleoptera are much less understood. In
this study, we performed a transcriptome analysis of adult forelegs in Plagiodera versicolora and
53 candidate chemosensory genes encoding 4 chemosensory proteins (CSPs), 19 odorant binding
proteins (OBPs), 10 odorant receptors (ORs), 10 gustatory receptors (GRs), 6 ionotropic receptors
(IRs), and 4 sensory neuron membrane proteins (SNMPs) were identified. Then, the expression of
the chemosensory genes was examined using real-time quantitative PCR. These results will provide
valuable information to help explore the chemoreception mechanism in P. versicolora.

Abstract: Plagiodera versicolora (Coleoptera: Chrysomelidae) is a worldwide leaf-eating forest pest in
salicaceous trees. The forelegs play important roles in the chemoreception of insects. In this study,
we conducted a transcriptome analysis of adult forelegs in P. versicolora and identified a total of
53 candidate chemosensory genes encoding 4 chemosensory proteins (CSPs), 19 odorant binding
proteins (OBPs), 10 odorant receptors (ORs), 10 gustatory receptors (GRs), 6 ionotropic receptors
(IRs), and 4 sensory neuron membrane proteins (SNMPs). Compared with the previous antennae
transcriptome data, 1 CSP, 4 OBPs, 1 OR, 3 IRs, and 4 GRs were newly identified in the forelegs.
Subsequently, the tissue expression profiles of 10 P. versicolora chemosensory genes were performed
by real-time quantitative PCR. The results showed that PverOBP25, PverOBP27, and PverCSP6
were highly expressed in the antennae of both sexes. PverCSP11 and PverIR9 are predominately
expressed in the forelegs than in the antennae. In addition, the expression levels of PverGR15 in
female antennae and forelegs were significantly higher than those in the male antennae, implying
that it may be involved in some female-specific behaviors such as oviposition site seeking. This work
would greatly further the understanding of the chemoreception mechanism in P. versicolora.

Keywords: Plagiodera versicolora; forelegs transcriptome; odorant binding proteins; chemosensory
tproteins

1. Introduction

Insects are the most diverse group of animals on Earth [1]. Communication with the
environment and conspecific individuals through chemical signals is an essential process
for the survival of insects [2]. Chemoreception is responsible for recognizing the external
chemical signals that influence the behavior of insects [1]. Several peripheral olfactory
proteins are involved in chemoreception, including odorant receptors (ORs) [3,4], gustatory
receptors (GRs) [4], ionotropic receptors (IRs) [5], odorant binding proteins (OBPs) [6],
chemosensory proteins (CSPs) [7], and sensory neuron membrane proteins (SNMPs) [8].

OBPs and CSPs play an important role in chemical signal perception [7]. OBPs and
CSPs are small soluble polypeptides in insects. OBPs generally consist of chains of about

Insects 2022, 13, 763. https://doi.org/10.3390/insects13090763 https://www.mdpi.com/journal/insects

https://doi.org/10.3390/insects13090763
https://doi.org/10.3390/insects13090763
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/insects
https://www.mdpi.com
https://doi.org/10.3390/insects13090763
https://www.mdpi.com/journal/insects
https://www.mdpi.com/article/10.3390/insects13090763?type=check_update&version=1


Insects 2022, 13, 763 2 of 14

150 amino acids, and CSPs are smaller than OBPs, with 100–120 residues [6]. They generally
have a signal peptide sequence of approximately 20 amino acids at the N terminus. OBPs
presents the common motif of the six α-helices with six cysteines forming disulphide
bridges, while CSPs present a motif of four conserved cysteines linked by disulphide
bridges between neighboring residues [9].

The origin of GRs probably traces back to the origin of the arthropods, and presumably
evolved early from ORs [10,11]. GRs are ligand-gated cation channels, and encode seven
transmembrane domain proteins with an intracellular N terminus and an extracellular C
terminus [12,13]. Insect GRs are mainly expressed in gustatory receptor neurons (GRNs)
of the gustatory organs (found on the antennae, proboscis, maxillary palps, legs, and
wings) [14–16]. GRs generally detect non-volatile chemicals such as sugars, amino acids,
and bitter-tasting compounds, as well as carbon dioxide (CO2) and pheromones [17].

IRs were initially found in the Drosophila melanogaster genome using bioinformatic
and expression screening [5]. Insect IRs are a novel family of chemosensory receptors
that are related to ionotropic glutamate receptors (iGluRs), and act as ligand-based ion
channels [18,19]. Similar to ORs, the specific antennal IRs form heteromeric complexes
with one or more co-receptors (IR8a, IR25a, or IR76b) to perform their physiological
functions [5,19–22]. In general, the IRs protein family may be involved in detecting diverse
chemical ligands to mediate both intercellular communication and environmental chemical
sensing [23–25].

Plant chemicals can be detected by the chemoreceptors on the tarsi when phytophagous
insect tarsi directly contact the plant [26]. Many studies have found that chemosensilla on
insect legs play a central role in chemosensory detection and in the selection of host plants.
The contact chemoreceptors involved in the perception of mustard oil glucosides are located
on the tarsi of the legs in Pieris brassicae [27]. Abundant taste and mechanosensory bristles
are located on the legs, proboscis, and the anterior wing margins in D. melanogaster [28,29].
Fourteen gustatory trichoid chemosensilla in the fifth tarsomere of the prothoracic legs of
female adult Helicoverpa armigera and the proboscis extension reflex (PER) was induced
when the tarsi of their legs was touched with sugar [30].

With the development of the transcriptome, chemosensory genes were identified
from large amounts of insects in Coleoptera [31,32]. The willow leaf beetle, Plagiodera
versicolora (Laicharting; Coleoptera: Chrysomelidae), is a specialist herbivore on salica-
ceous trees [33]. However, there is a blank of identified chemosensory gene families in
the forelegs of P. versicolora. In a previous study, 40 ORs, 7 IRs, 13 GRs, 10 CSPs, 24 OBPs,
and 4 SNMPs were identified from the antennae transcriptome [34]. In this study, we con-
ducted a transcriptomic analysis of the forelegs in P. versicolora and identified 53 candidate
chemosensory genes, including 10 ORs, 19 OBPs, 4 CSPs, 6 IRs, 10 GRs, and 4 SNMPs.
Then, we constructed phylogenetic trees and explored the evolutionary relationships of
these chemosensory genes with other coleopteran insects, as well as those chemosensory
genes already identified from the antennal transcriptome. Furthermore, real-time quan-
titative PCR experiments (RT-qPCR) were conducted to investigate the tissue expression
pattern in both sexes. These results may provide insight into the molecular mechanism of
chemosensory genes in P. versicolora.

2. Materials and Methods
2.1. Insect Rearing and Tissue Collection

The larvae and adults of P. versicolora were captured from Sha Lake Park in Wuhan,
Hubei Province, and reared in the lab under the following conditions of 28 ± 1 ◦C, a
photoperiod of 12-h light/12-h dark, and 70% ± 5% relative humidity. Larvae and adults
were fed with fresh leave of willows. The 300 male and female forelegs tissues were excised
from 2-day-old adults, respectively. After collection, the tissues were immediately frozen
in liquid nitrogen and stored at −80 ◦C until RNA extraction.
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2.2. RNA Extraction, cDNA Library Preparation, and Sequencing

The total RNA was extracted from male and female forelegs with the TRIZOL reagent
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. The RNA concen-
tration was determined using NanoDrop2000 and the RNA integrity number was checked
with Agilent2100 (OD260/280 ≥ 1.8 and OD260/230 ≥ 1.0). Six RNA samples of male
and female forelegs were used to construct the complementary DNA (cDNA) library. The
mRNA was enriched by base pairing in magnetic beads with oligo d(T) and polyA. Then,
the mRNA was fragmented with a fragmentation buffer, and a small fragment of about
300 bp was isolated by magnetic bead screening. After this, six base random primers were
added to reverse synthesize the one strand cDNA used in the mRNA as a template, and
then two strand cDNA was synthetized and formed a stable double strand structure. The
libraries were sequenced using the Illumina Novaseq 6000 and performed at Shanghai
Majorbio Bio-pharm Technology Co., Ltd. (Shanghai, China).

2.3. Assembly and Functional Annotation

The connector sequences in the raw reads and the reads without inserted fragments
were removed. Low-quality reads, including reads containing > 10% N and median quality
value (Q) ≤ 25, were also removed to generate clean reads. All clean-read datasets were
used for de novo assembly by Trinity (https://github.com/trinityrnaseq/trinityrnaseq/
wiki, accessed on 10 December 2021). Then, the trinity outputs were estimated by Tran-
sRate (http://hibberdlab.com/transrate/, accessed on 10 December 2021) and redundant
sequences were removed by using CD-HIT (http://weizhongli-lab.org/cd-hit/, accessed
on 10 December 2021).Unigenes were functionally annotated by BLAST-searching the
databases against the NCBI non-redundant protein sequences (NR), Pfam, Clusters of Or-
thologous Groups of Proteins (COG), Kyoto Encyclopedia of Genes and Genomes (KEGG),
Gene Ontology (GO), and Swiss-Prot databases.

2.4. Sequence Analysis and Phylogenetic Tree Construction

The complete coding region was determined by using ORF finder (http://www.ncbi.
nlm.nih.gov/gorf/gorf.html, accessed on 20 June 2022). The signal peptides of the putative
OBPs and CSPs were predicted using the SignalP 5.0 server (http://www.cbs.dtu.dk/
services/SignalP/, accessed on 20 June 2022). The transmembrane domains (TMDs) of ORs,
GRs, IRs, and SNMPs were predicted using TMHMM Server v.2.0 (http://www.cbs.dtu.
dk/services/TMHMM/, accessed on 12 June 2022).

A set of chemosensory genes from P. versicolora (Chrysomelidae) and different insect
species were obtained, including five Coleoptera from different families, Colaphellus bowringi
(Chrysomelidae) [35], Aethina tumida (Nitidulidae Latreille) [36], Dastarcus helophoroides
(Colydiidae) [37], Monochamus alternatus (Cerambycidae) [37], and Anoplophora chinensis
(Cerambycidae) [38], to construct OBP, CSP, and GR phylogenetic trees. In addition, the
GR amino acid sequences that have been functionally identified, including three Lepi-
doptera, Plutella xylostella [39], H. armigera [40–42], Bombyx mori [43–45], and three Diptera,
D. melanogaster [46–49], Aedes aegypti [13], and Anopheles gambiae [50], were used to con-
struct a phylogenetic tree. The phylogenetic trees were conducted in MEGA6 using the
neighbor-joining method with a bootstrap test (1000 replicates). The phylogenetic trees
were viewed and edited using FigTree v. 1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/,
accessed on 25 June 2022).

2.5. Expression Analysis by Real-Time Quantitative PCR

The expression patterns of the chemosensory genes in different tissues, including the
antennae, forelegs, and middle and hind legs in both sexes were analyzed by RT-qPCR.
Specific primer pairs were designed by Primer 5 (Table S1). The total RNA from the
analyzed tissues was extracted as described above. The synthesis of the cDNA, RT-qPCR
conditions, and reaction program were same as those previously described [34]. The RPS18
gene [51] was used as the reference gene. Three biological duplications of each gene were
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performed in our experiments. The relative gene expression level was quantified using
the comparative 2−∆∆CT method [52]. One-way ANOVA was used to analyze the relative
expression levels of these genes using SPSS 22.0 software (IBM, Armonk, NY, USA).

3. Results
3.1. Transcriptome Analysis and Assembly

The transcriptome sequencing of male and female forelegs was performed to identify
the chemosensory genes of P. versicolora. By de novo assembly, approximately 69.57,
60.35, and 65.49 million raw reads of female forelegs, and 70.60, 71.97, and 66.73 million
raw reads of male forelegs were obtained, respectively. After filtering, 68.80, 59.55, and
64.78 million clean reads of female forelegs, and 69.87, 71.13, and 65.94 million clean
reads of male forelegs were generated, respectively. The Busco analysis confirmed the
completeness of the transcriptome (C: 95.7% [S: 93.8%; D: 1.9%]). A final transcript dataset
with 28,977 unigenes was obtained, with a mean length of 1229 bp and N50 of 2644 bp. The
analysis of unigene length distribution indicated that 9214 unigenes (31.8%) were greater
than 1000 bp, 4889 unigenes (17.52%) were 500 to 1000 bp, and 14,140 unigenes (50.68%)
were 200 to 500 bp.

The GO annotation analysis showed that 10,674 unigenes (37.89%) could be anno-
tated into three functional categories: biological process, cellular component, and molec-
ular function. The most abundant group of cellular component categories was cell part
(5335 unigenes), and cellular process was the most represented in terms of biological pro-
cess (4891 unigenes). In the molecular function term, binding (5682 unigenes) was the most
abundant for all unigenes. The genes expressed in the forelegs were mostly associated
with binding and transporter activities (793), indicating that unigenes might take part in
chemosensory behavior (Figure 1).

3.2. Identification of Putative OBP Genes

In this study, 19 candidate OBPs (four newly compared with antennae) were identified
from the foreleg’s transcriptome data of P. versicolora. The complete ORF was detected
in 14 OBPs, with lengths ranging from 129 to 266 amino acids. Among them, 14 OBPs
had a signal peptide sequence (Table S2). The further alignment of these 14 amino acid
sequences showed that four OBPs belonged to the classical OBP subgroup with the six
conserved cysteine (C) residues. Nine OBPs belonged to the minus-C OBP subgroup with
four conserved C residues (Figure 2). The phylogenetic analysis showed that PverOBP4
and PverOBP12 clustered with MaltOBP3 and MaltOBP10, two proteins that bound plant-
related compounds (Figure 3).

3.3. Identification of Putative CSP Genes

Four putative CSPs (one newly compared with antennae) were identified by analyzing
the transcriptome data of P. versicolora. The sequence analysis revealed that all four putative
CSPs had a full length ORFs, with a length from 122 to 131 amino acids and a predicted
signal peptide (Table S2). The further alignment of the amino acid sequences showed
that four CSPs had the six conserved C residues (Figure 4). The CSPs phylogenetic tree
indicated that PverCSP9 was in the same branch as MaltCSP5, which has been functionally
characterized (Figure 5).

3.4. Identification of Putative OR Genes

A total of 10 candidate ORs (one newly compared with antennae) were identified in the
foreleg transcriptome of P. versicolora through a keyword search of the BLASTx annotation.
Sequence analysis revealed that only one OR was predicted to have a full length ORF of
417 amino acids, and contained eight TMDs (Table S3).
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3.5. Identification of Putative GR Genes

A total of 10 candidate GR (four newly compared with antennae) transcripts were
identified in both male and female P. versicolora foreleg transcriptomes. Of them, only
PverGR9 and PverCR15 (newly) encoded full-length proteins (426 and 445 amino acids,
respectively) with seven TMDs (Table S3). The phylogenetic analysis showed that PverGR9
and PverGR12 were clustered with fructose receptors, PverGR3 and PverGR10 were mem-
bers of the sugar receptors subfamily, and PverGR1 and PverGR15 formed a clade with
CO2 receptors (Figure 6).

3.6. Identification of Putative IR Genes

A total of six candidate IRs (three newly compared with antennae) were identified
from P. versicolora transcriptomes by bioinformatics analysis according to a comparison
with known insect IRs. Among these IRs, three encoded full-length proteins with 804 to
918 amino acid residues, the remaining IRs were incomplete, due to a lack of complete 5′ or
3′ terminus. Of these IRs, the transmembrane domains ranged from 0 to 4 (Table S3).

3.7. Identification of Putative SNMP Genes

Four putative SNMPs (same as the antennae transcriptome) were identified in our
transcripts based on the BLASTx and cluster analysis results. SNMP1b and SNMP2a have
full-length ORFs encoding 534 and 515 amino acids, respectively. In addition, the candidate
SNMP1b and SNMP2a contained two TMDs, while SNMP1a and SNMP2a contained only
one (Table S3).
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(Pver), A. tumida (Atum), A. gambiae (Agam), A. chinensis (Achi), H. armigera (Harm), P. xylostella
(Pxyl), D. melanogaster (Dmel), B. mori (Bmor), and A. aegypti (Aage). The P. versicolora genes are
shown in blue.

3.8. Tissue Specific Expression Analysis of Putative Chemosensory Genes

RT-qPCR was used to analyzed the tissue specific expression profile of 10 chemosen-
sory genes in the antennae and legs (Figure 7). In the expression analyses, 13 candidate
chemosensory genes that were newly identified in the forelegs (Figure S1) were chosen, and
8 (OBP25, OBP26, OBP27, OBP28, OR40, CSP11, GR15, and IR9) specific RT-qPCR primer
were obtained. In addition, two PverCSPs (CSP3 and CSP6) were chosen that were both
identified from forelegs and antennae. The results showed that PverOBP25 and PverOBP27
were highly expressed in the antennae of males and females. PverOBP28 was highly ex-
pressed in the antennae, as well as middle and hind legs than in the forelegs. The results
revealed that the expression level of PverOR40 had no significant difference in antennae,
forelegs, and middle and hind legs. The tissue expression profiles showed that PverCSP3
had a higher expression in female antennae and PverCSP6 in male and female antennae.
In addition, PverCSP11 was highly expressed in male forelegs than in the antennae, and
middle and hind legs. PverGR15 expression levels in female were significantly higher than
in the male antennae and forelegs. PverIR9 has a higher expression in the forelegs, and
middle and hind legs than in the antennae.
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Figure 7. Expression levels of chemosensory genes in different tissues assessed by RT-qPCR. MA,
male antennae; FA, female antennae; MFL, male forelegs; FFL, female forelegs. MMHL, male
middle and hind legs; FMHL, female middle and hind legs. Error bars indicate standard error of
three biological replicates. Different letters (a–c) indicate significant differences (p < 0.05) based on
one-way ANOVA.

4. Discussion

Volatile chemicals are mainly detected by antennae in insects; while a certain number
of chemosensory genes are located in the leg tarsus, current studies have mainly focused on
the putative chemosensory genes in the forelegs. In order to better understand the molecular
mechanism of chemosensory perception, the first step is to investigate chemosensory genes,
which encode the proteins that function in odorant molecular detection. The transcriptome
analysis of the forelegs in P. versicolora was conducted to identify the chemosensory genes.
The phylogenetic analyses were carried out on these genes to examine the similarities
and differences of related genes. In addition, the tissue expression profile analysis of
10 chemosensory genes was tested by RT-qPCR.

Nineteen candidate OBPs were identified through forelegs transcriptome data in P.
versicolora. This number was more than that previously reported, which identified nine
and eight OBPs in the forelegs of A. aegypti [53] and Adelphocoris lineolatus [54], and 15 OBP
were identified from the assembled legs transcriptome in Apis cerana cerana [55]. The
number of OBP family is expanded in P. versicolora. However, the number was less than the
transcriptome data of the forelegs, and middle and hind legs of adult bugs demonstrated
20 OBP in Apolygus lucorum [56]. As for CSPs, four PverCSPs were obtained from the
foreleg transcriptome data in P. versicolora, which is less than five and eight CSPs in A.
c. cerana and A. lucorum from legs (including forelegs, and middle and hind legs) [55,56],
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respectively. More PverCSP and PverOBP genes may be identified from the transcriptome
data of middle and hind legs in the future.

In the phylogenetic tree, one cluster shares high sequence identities, and usually these
genes have a similar function. For example, in the OBP phylogenetic tree, AlepOBP6
in Athetis lepigone is clustered into the moth ABPX subfamily [57], and the function was
similar to two functionally characterized OBP, BmorABPX in B. mori [58] and AlinOBP4
in A. lineolatus [59]. In our study, the result of a phylogenetic tree showed that PverOBP4,
PverOBP12, and PverCSP9 clustered with MaltOBP3, MaltOBP10, and MaltCSP5 that have
been functionally characterized, respectively, suggesting these PverOBPs and PverCSPs
may have a similar function. The ligand-binding function of these genes needs to be
investigated further. In the analysis, OBP families exhibited clades that included multiple
paralogues from different species. Five PverOBPs (8, 15, 17, 22, and 28) were clustered
together, suggesting that the genes of the family have undergone gene duplication. The
CSP gene families shows a similar evolutionary pattern. Four PverCSPs (3, 6, 9, and
11) belong to different gene clades. Most GR families are unique and show a different
species specificity. However, the CO2 receptors, fructose receptors, and sugar receptors
are conserved.

The insect OBPs and CSPs are expressed in different tissues (antennae, legs, abdomens,
wings, and so on) and are involved in the perception of chemical substances. AlucCSP2
were specifically expressed in female wings and could bind the cotton secondary metabo-
lites [60]. MsepCSP8 was specifically expressed in the antennae and the behavioral response
experiments showed it had a high binding affinity to plant volatiles [61]. MaltOBP10 was
specifically expressed in the antenna of females and had high binding affinities with many
volatiles from forests. PverOBP25, PverOBP27, PverCSP3, and PverCSP6 were specifically
expressed in the antennae and these genes may play a role in the fundamental olfactory
recognition process. PverCSP3 and PverCSP6 were specifically expressed in the antennae
and may be involved in host seeking. AlucCSP3 in A. lucorum showed significantly higher
expression levels in the forelegs than the middle and hind legs of males [56]. Similarly,
PverCSP11 was the most abundantly expressed in male forelegs, and we hypothesized it
would be associated with the recognition of these contact substances on host plant surfaces
or courtship behavior. CSPs play multiple roles beyond chemosensation. CSP10 in Periplan-
eta americana seems to be a major extracellular matrix protein during limb regeneration [62].
The CSP gene family in Chroistoneura fumiferana may be involved in development, including
molting [63]. CSP11 in Bombyx mori was involved in the recovery and synthesis of damaged
skin [64]. More of the functions of these PverCSPs need to be further characterized.

Insect IRs are further classified into two sub-families: conserved “antennal IRs”, which
are highly or specifically expressed in the antennae and are mainly involved in olfactory
sensation, whereas the species-specific “divergent IRs” are primarily distributed in non-
antennal tissues, and some of them can be responsible for the sensation of taste [65–69].
For instance, IR25a and IR76b act as co-receptors and are co-expressed with divergent
IRs together in legs, and respond to taste in D. melanogaster [25,70]. The RT-qPCR results
showed that PverIR9 had a higher expression in the legs than the antennae, and was the
most abundantly expressed in male forelegs than in other tissues. It has been indicated that
PverIR9 is related to host or mate selection, suggesting a potential role in taste sensation or
other physiological processes, such as male courtship.

Ten PverGRs were obtained from transcriptomes of the forelegs, of which four GRs
were newly identified, compared with the previous antennae transcriptome. The phylo-
genetic analysis showed that PverGR9 and PverGR12 were assigned to group fructose
receptors, and PverGR3 and PverGR10 were assigned to group sugar receptors, indicating
these four PverGRs might be involved in the detection of sugar. PverGR1 was obtained
in the antennae of P. versicolora, which belongs to the GR1 subfamily in the CO2 receptor
group [34]. In this study, PverGR15 was identified in the forelegs of P. versicolora, which
belongs to GR3 subfamily in the CO2 receptors group according the tree, suggesting it
might be involved in CO2 detection. The third CO2 receptor may identify it from other taste
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tissues, such as proboscises, labial palps, and ovipositors [71,72]. In addition, the expression
levels of PverGR15 in female antennae and forelegs were significantly higher than those
in males, indicating that PverGR15 may be related to some female-specific behaviors in
insects such as oviposition site seeking or courtship cues. The specific functions of these
GRs need to be further characterized by using, for example, a Xenopus oocytes combined
two-electrode voltage-clamp system in vitro or RNAi technology in vivo.

5. Conclusions

In the present study, 53 candidate chemosensory genes (19 OBPs, 4 CSPs, 10 ORs, 6 IRs,
10 GRs, and 4 SNMPs) were identified from a transcriptome analysis of the forelegs in P.
versicolora. Compared with the previous antennae transcriptome data, one CSP, four OBPs,
one OR, three IRs, and four GRs were newly identified. The results of PR-qPCR showed that
PverCSP11 and PverIR9 were predominately expressed in the forelegs than in the antennae.
PverOBP25, PverOBP27, and PverCSP6 were highly expressed in the antennae of both
sexes. This work would greatly promote the understanding of the olfactory system and
provides helpful for functional studies of the chemoreception mechanism in P. versicolora.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/insects13090763/s1. Table S1: Primers for RT-qPCR of chemosensory genes in P. versicolora.
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match of P. versicolora candidate GR, IR, OR, and SNMP genes. File S1: The amino acid sequences of
Plagiodera versicolora putative chemosensory genes. Figure S1: The Venn diagrams of chemosensory
genes in P. versicolora from the transcriptome of antennae and forelegs.

Author Contributions: Data curation, Z.W., J.G. and X.L.; funding acquisition, M.L.; investigation,
Z.W., N.T. and Y.L.; methodology, Z.W., N.T. and Y.L.; software, J.G.; supervision, M.L. and X.L.;
writing—original draft, X.L.; writing—review and editing, X.L. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by the National talent project, grant number is (1070017364).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Novotny, V.; Miller, S.E.; Hulcr, J.; Drew, R.A.I.; Basset, Y.; Janda, M.; Setliff, G.P.; Darrow, K.; Stewart, A.J.A.; Auga, J.; et al. Low

beta diversity of herbivorous insects in tropical forests. Nature 2007, 448, 692–695. [CrossRef]
2. Meyerhof, W. Chemosensory Systems in Mammals, Fishes, and Insects; Springer: Heidelberg/Berlin, Germany, 2009; Volume 47.
3. Liu, X.-L.; Sun, S.-J.; Khuhro, S.A.; Elzaki, M.E.A.; Yan, Q.; Dong, S.-L. Functional characterization of pheromone receptors in the

moth Athetis dissimilis (Lepidoptera: Noctuidae). Pestic. Biochem. Physiol. 2019, 158, 69–76. [CrossRef] [PubMed]
4. Liu, X.-L.; Yan, Q.; Yang, Y.-L.; Hou, W.; Miao, C.-L.; Peng, Y.-C.; Dong, S.-L. A Gustatory receptor GR8 tunes specifically to

D-fructose in the common cutworm Spodoptera Litura. Insects 2019, 10, 272. [CrossRef] [PubMed]
5. Benton, R.; Vannice, K.S.; Gomez-Diaz, C.; Vosshall, L.B. Variant ionotropic glutamate receptors as chemosensory receptors in

Drosophila. Cell 2009, 136, 149–162. [CrossRef] [PubMed]
6. Zhou, J.-J. Odorant-binding proteins in insects. Vitam. Horm. 2010, 83, 241–272.
7. Vogt, R.G. Molecular basis of pheromone detection in insects. Compr. Mol. Insect Sci. 2005, 3–6, 753–803.
8. Vogt, R.G.; Miller, N.E.; Litvack, R.; Fandino, R.A.; Sparks, J.; Staples, J.; Friedman, R.; Dickens, J.C. The insect SNMP gene family.

Insect Biochem. Mol. Biol. 2009, 39, 448–456. [CrossRef]
9. Pelosi, P.; Zhou, J.-J.; Ban, L.P.; Calvello, M. Soluble proteins in insect chemical communication. Cell Mol. Life Sci. 2006, 63,

1658–1676. [CrossRef]
10. Robertson, H.M.; Warr, C.G.; Carlson, J.R. Molecular evolution of the insect chemoreceptor gene superfamily in Drosophila

melanogaster. Proc. Natl. Acad. Sci. USA 2003, 100 (Suppl. 2), 14537–14542. [CrossRef]
11. Vieira, F.G.; Rozas, J. Comparative genomics of the odorant-binding and chemosensory protein gene families across the Arthro-

poda: Origin and evolutionary history of the chemosensory system. Genome Biol. Evol. 2011, 3, 476–490. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/insects13090763/s1
https://www.mdpi.com/article/10.3390/insects13090763/s1
http://doi.org/10.1038/nature06021
http://doi.org/10.1016/j.pestbp.2019.04.011
http://www.ncbi.nlm.nih.gov/pubmed/31378363
http://doi.org/10.3390/insects10090272
http://www.ncbi.nlm.nih.gov/pubmed/31454982
http://doi.org/10.1016/j.cell.2008.12.001
http://www.ncbi.nlm.nih.gov/pubmed/19135896
http://doi.org/10.1016/j.ibmb.2009.03.007
http://doi.org/10.1007/s00018-005-5607-0
http://doi.org/10.1073/pnas.2335847100
http://doi.org/10.1093/gbe/evr033
http://www.ncbi.nlm.nih.gov/pubmed/21527792


Insects 2022, 13, 763 12 of 14

12. Benton, R.; Sachse, S.; Michnick, S.W.; Vosshall, L.B. A typical membrane topology and heteromeric function of Drosophila
odorant receptors in vivo. PLoS Biol. 2006, 4, e20. [CrossRef]

13. Engsontia, P.; Sangket, U.; Chotigeat, W.; Satasook, C. Molecular evolution of the odorant and gustatory receptor genes in
Lepidopteran insects: Implications for their adaptation and speciation. J. Mol. Evol. 2014, 79, 21–39. [CrossRef] [PubMed]

14. Chyb, S.; Dahanukar, A.; Wickens, A.; Carlson, J.R. Drosophila Gr5a encodes a taste receptor tuned to trehalose. Proc. Natl. Acad.
Sci. USA 2003, 100 (Suppl. 2), 14526–14530. [CrossRef]

15. Crava, C.M.; Ramasamy, S.; Ometto, L.; Anfora, G.; Rota-Stabelli, O. Evolutionary insights into taste perception of the invasive
pest Drosophila suzukii. G3 2016, 6, 4185–4196. [CrossRef] [PubMed]

16. Ebbs, M.L.; Amrein, H. Taste and pheromone perception in the fruit fly Drosophila melanogaster. Pflug. Arch. 2007, 454, 735–747.
[CrossRef]

17. Kent, L.B.; Robertson, H.M. Evolution of the sugar receptors in insects. BMC Evol. Biol. 2009, 9, 41. [CrossRef]
18. Croset, V.; Rytz, R.; Cummins, S.F.; Budd, A.; Brawand, D.; Kaessmann, H.; Gibson, T.J.; Benton, R. Ancient protostomeorigin

of chemosensory ionotropic glutamate receptors and the evolution of insect taste and olfaction. PLoS Genet. 2010, 6, e1001064.
[CrossRef]

19. Abuin, L.; Bargeton, B.; Ulbrich, M.H.; Isacoff, E.Y.; Kellenberger, S.; Benton, R. Functional architecture of olfactory ionotropic
glutamate receptors. Neuron 2011, 69, 44–60. [CrossRef]

20. Yao, C.A.; Ignell, R.; Carlson, J.R. Chemosensory coding by neurons in the coeloconic sensilla of the Drosophila antenna. J. Neurosci.
2005, 25, 8359–8367. [CrossRef]

21. Min, S.; Ai, M.; Shin, S.A.; Suh, G.S.B. Dedicated olfactory neurons mediating attraction behavior to ammonia and amines in
Drosophila. Proc. Natl. Acad. Sci. USA 2013, 110, E1321–E1329. [CrossRef] [PubMed]

22. Zhang, J.; Bisch-Knaden, S.; Fandino, R.A.; Yan, S.; Obiero, G.F.; Grosse-Wilde, E.; Hansson, B.S.; Knaden, M. The olfactory
coreceptor Ir8a governs larval feces-mediated competition avoidance in a hawkmoth. Proc. Natl. Acad. Sci. USA 2019, 116,
21828–21833. [CrossRef] [PubMed]

23. Zhang, Y.V.; Ni, J.; Montell, C. The molecular basis for attractive salt-taste coding in Drosophila. Science 2013, 340, 1334–1338.
[CrossRef]

24. Ni, L.; Klein, M.; Svec, K.V.; Budelli, G.; Chang, E.C.; Ferrer, A.J.; Benton, R.; Samuel, A.D.; Garrity, P.A. The ionotropic receptors
Ir21a and Ir25a mediate cool sensing in Drosophila. eLife 2016, 5, e13254. [CrossRef] [PubMed]

25. Ganguly, A.; Pang, L.; Duong, V.-K.; Lee, A.; Schoniger, H.; Varady, E.; Dahanukar, A. A molecular and cellular context-dependent
role for Ir76b in detection of amino acid taste. Cell Rep. 2017, 18, 737–750. [CrossRef]

26. Seada, M.A.; Ignell, R.; Al Assiuty, A.N.; Anderson, P. Functional characterization of the gustatory sensilla of tarsi of the female
polyphagous moth Spodoptera littoralis. Front. Physiol. 2018, 9, 1606. [CrossRef]

27. Chun, M.W.; Schoonhoven, L.M. Tarsal contact chemosensory hairs of the large white butterfly Pieris brassicae and their possible
role in oviposition behaviour. Entomol. Exp. Appl. 1973, 16, 343–357. [CrossRef]

28. Nayak, S.V.; Singh, R.N. Sensilla on the tarsal segments and mouthparts of adult Drosophila Melanogaster meigen (Diptera:
Drosophilidae). Int. J. Insect Morphol. Embryol. 1983, 12, 273–291. [CrossRef]

29. Amrein, H.; Thorne, N. Gustatory perception and behavior in Drosophila melanogaster. Curr. Biol. 2005, 15, R673–R684. [CrossRef]
30. Zhang, Y.-F.; van Loon, J.J.A.; Wang, C.-Z. Tarsal taste neuron activity and proboscis extension reflex in response to sugars and

amino acids in Helicoverpa armigera (Hubner). J. Exp. Biol. 2010, 213, 2889–2895. [CrossRef]
31. Rondoni, G.; Roman, A.; Meslin, C.; Montagné, N.; Conti, E.; Jacquin-Joly, E. Antennal transcriptome analysis and identification

of candidate chemosensory genes of the harlequin ladybird beetle, Harmonia axyridis (Pallas) (Coleoptera: Coccinellidae). Insects
2021, 12, 209. [CrossRef] [PubMed]

32. Gonzalez, F.; Johny, J.; Walker, W.B.; Guan, Q.; Mfarrej, S.; Jakše, J.; Montagné, N.; Jacquin-Joly, E.; Alqarni, A.S.;
Al-Saleh, M.A.; et al. Antennal transcriptome sequencing and identification of candidate chemoreceptor proteins from
an invasive pest, the american palm weevil, Rhynchophorus palmarum. Sci. Rep. 2021, 11, 8334. [CrossRef] [PubMed]

33. Utsumi, S.; Ando, Y.; Ohgushi, T. Evolution of feeding preference in a leaf beetle: The importance of phenotypic plasticity of a
host plant. Ecol. Lett. 2009, 12, 920–929. [CrossRef]

34. Liu, X.; Tong, N.; Wu, Z.; Li, Y.; Ma, M.; Liu, P.; Lu, M. Identification of chemosensory genes based on the antennal transcriptomic
analysis of Plagiodera versicolora. Insects 2021, 13, 36. [CrossRef]

35. Li, X.-M.; Zhu, X.-Y.; Wang, Z.-Q.; Wang, Y.; He, P.; Chen, G.; Sun, L.; Deng, D.-G.; Zhang, Y.-N. Candidate chemosensory genes
identified in Colaphellus bowringi by antennal transcriptome analysis. BMC Genom. 2015, 16, 1028. [CrossRef] [PubMed]

36. Wu, L.; Zhai, X.; Li, L.; Li, Q.; Liu, F.; Zhao, H. Identification and expression profile of chemosensory genes in the small hive
beetle Aethina tumida. Insects 2021, 12, 661. [CrossRef]

37. Wang, J.; Li, D.-Z.; Min, S.-F.; Mi, F.; Zhou, S.-S.; Wang, M.-Q. Analysis of chemosensory gene families in the beetle Monochamus
alternatus and its parasitoid Dastarcus helophoroides. Comp. Biochem. Physiol. Part D Genom. Proteom. 2014, 11, 1–8. [CrossRef]

38. Sun, L.; Zhang, Y.-N.; Qian, J.-L.; Kang, K.; Zhang, X.-Q.; Deng, J.-D.; Tang, Y.-P.; Chen, C.; Hansen, L.; Xu, T.; et al. Identification
and expression patterns of Anoplophora chinensis (Forster) chemosensory receptorgenes from the antennal transcriptome. Front.
Physiol. 2018, 9, 90. [CrossRef]

39. Liu, X.-L.; Sun, S.-J.; Hou, W.; Zhang, J.; Yan, Q.; Dong, S.-L. Functional characterization of two spliced variants of fructose
gustatory receptor in the diamondback moth, Plutella xylostella. Pestic. Biochem. Physiol. 2020, 164, 7–13. [CrossRef]

http://doi.org/10.1371/journal.pbio.0040020
http://doi.org/10.1007/s00239-014-9633-0
http://www.ncbi.nlm.nih.gov/pubmed/25038840
http://doi.org/10.1073/pnas.2135339100
http://doi.org/10.1534/g3.116.036467
http://www.ncbi.nlm.nih.gov/pubmed/27760794
http://doi.org/10.1007/s00424-007-0246-y
http://doi.org/10.1186/1471-2148-9-41
http://doi.org/10.1371/journal.pgen.1001064
http://doi.org/10.1016/j.neuron.2010.11.042
http://doi.org/10.1523/JNEUROSCI.2432-05.2005
http://doi.org/10.1073/pnas.1215680110
http://www.ncbi.nlm.nih.gov/pubmed/23509267
http://doi.org/10.1073/pnas.1913485116
http://www.ncbi.nlm.nih.gov/pubmed/31591212
http://doi.org/10.1126/science.1234133
http://doi.org/10.7554/eLife.13254
http://www.ncbi.nlm.nih.gov/pubmed/27126188
http://doi.org/10.1016/j.celrep.2016.12.071
http://doi.org/10.3389/fphys.2018.01606
http://doi.org/10.1111/j.1570-7458.1973.tb00283.x
http://doi.org/10.1016/0020-7322(83)90023-5
http://doi.org/10.1016/j.cub.2005.08.021
http://doi.org/10.1242/jeb.042705
http://doi.org/10.3390/insects12030209
http://www.ncbi.nlm.nih.gov/pubmed/33801288
http://doi.org/10.1038/s41598-021-87348-y
http://www.ncbi.nlm.nih.gov/pubmed/33859212
http://doi.org/10.1111/j.1461-0248.2009.01349.x
http://doi.org/10.3390/insects13010036
http://doi.org/10.1186/s12864-015-2236-3
http://www.ncbi.nlm.nih.gov/pubmed/26626891
http://doi.org/10.3390/insects12080661
http://doi.org/10.1016/j.cbd.2014.05.001
http://doi.org/10.3389/fphys.2018.00090
http://doi.org/10.1016/j.pestbp.2019.12.002


Insects 2022, 13, 763 13 of 14

40. Xu, W.; Zhang, H.-J.; Anderson, A. A sugar gustatory receptor identified from the foregut of cotton bollworm Helicoverpa armigera.
J. Chem. Ecol. 2012, 38, 1513–1520. [CrossRef]

41. Xu, W.; Anderson, A. Carbon dioxide receptor genes in cotton bollworm Helicoverpa armigera. Naturwissenschaften 2015, 102, 11.
[CrossRef] [PubMed]

42. Jiang, X.-J.; Ning, C.; Guo, H.; Jia, Y.-Y.; Huang, L.-Q.; Qu, M.-J.; Wang, C.-Z. A gustatory receptor tuned to D-fructose in antennal
sensilla chaetica of Helicoverpa armigera. Insect Biochem. Mol. Biol. 2015, 60, 39–46. [CrossRef] [PubMed]

43. Sato, K.; Tanaka, K.; Touhara, K. Sugar-regulated cation channel formed by an insect gustatory receptor. Proc. Natl. Acad. Sci.
USA 2011, 108, 11680–11685. [CrossRef] [PubMed]

44. Zhang, H.-J.; Anderson, A.R.; Trowell, S.C.; Luo, A.-R.; Xiang, Z.-H.; Xia, Q.-Y. Topological and functional characterization of an
insect gustatory receptor. PLoS ONE 2011, 6, e24111.

45. Kikuta, S.; Endo, H.; Tomita, N.; Takada, T.; Morita, C.; Asaoka, K.; Sato, R. Characterization of a ligand-gated cation channel
based on an inositol receptor in the silkworm, Bombyx mori. Insect Biochem. Mol. Biol. 2016, 74, 12–20. [CrossRef]

46. Jiao, Y.; Moon, S.J.; Wang, X.; Ren, Q.; Montell, C. Gr64f is required in combination with other gustatory receptors for sugar
detection in Drosophila. Curr. Biol. 2008, 18, 1797–1801. [CrossRef]

47. Jiao, Y.; Moon, S.J.; Montell, C. A Drosophila gustatory receptor required for the responses to sucrose, glucose, and maltose
identified by mRNA tagging. Proc. Natl. Acad. Sci. USA 2007, 104, 14110–14115. [CrossRef]

48. Jones, W.D.; Cayirlioglu, P.; Kadow, I.G.; Vosshall, L.B. Two chemosensory receptors together mediate carbon dioxide detection in
Drosophila. Nature 2007, 445, 86–90. [CrossRef]

49. Miyamoto, T.; Slone, J.; Song, X.; Amrein, H. A fructose receptor functions as a nutrient sensor in the Drosophila brain. Cell 2012,
151, 1113–1125. [CrossRef]

50. Lu, T.; Qiu, Y.T.; Wang, G.; Kwon, J.Y.; Rutzler, M.; Kwon, H.-W.; Pitts, R.J.; van Loon, J.J.A.; Takken, W.; Carlson, J.R.; et al. Odor
coding in the maxillary palp of the malaria vector mosquito Anopheles gambiae. Curr. Biol. 2007, 17, 1533–1544. [CrossRef]

51. Ma, M.; Tu, C.; Luo, J.; Lu, M.; Zhang, S.; Xu, L. Metabolic and immunological effects of gut microbiota in leaf beetles at the local
and systemic levels. Integr. Zool. 2021, 16, 313–323. [CrossRef] [PubMed]

52. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative pcr and the 2(-Delta Delta
C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

53. Sparks, J.T.; Bohbot, J.D.; Dickens, J.C. The genetics of chemoreception in the labella and tarsi of Aedes aegypti. Insect Biochem. Mol.
Biol. 2014, 48, 8–16. [CrossRef] [PubMed]

54. Sun, L.; Wang, Q.; Wang, Q.; Dong, K.; Xiao, Y.; Zhang, Y.-J. Identification and characterization of odorant binding proteins in the
forelegs of Adelphocoris lineolatus (Goeze). Front. Physiol. 2017, 8, 735. [CrossRef]

55. Du, Y.; Xu, K.; Ma, W.; Su, W.; Tai, M.; Zhao, H.; Jiang, Y.; Li, X. Contact chemosensory genes identified in leg transcriptome of
Apis cerana cerana (Hymenoptera: Apidae). J. Econ. Entomol. 2019, 112, 2015–2029. [CrossRef]

56. Li, Z.; Zhang, Y.; An, X.; Wang, Q.; Khashaveh, A.; Gu, S.; Liu, S.; Zhang, Y. Identification of leg chemosensory genes and sensilla
in the Apolygus lucorum. Front. Physiol. 2020, 11, 276. [CrossRef]

57. Li, L.-L.; Huang, J.-R.; Xu, J.-W.; Yao, W.-C.; Yang, H.-H.; Shao, L.; Zhang, H.-R.; Dewer, Y.; Zhu, X.-Y.; Zhang, Y.-N. Ligand-binding
properties of odorant-binding protein 6 in Athetis lepigone to sex pheromones and maize volatiles. Pest Manag. Sci. 2022, 78, 52–62.
[CrossRef]

58. Zhou, J.-J.; Robertson, G.; He, X.; Dufour, S.; Hooper, A.M.; Pickett, J.A.; Keep, N.H.; Field, L.M. Characterisation of Bombyx mori
odorant-binding proteins reveals that a general odorant-binding protein discriminates between sex pheromone components. J.
Mol. Biol. 2009, 389, 529–545. [CrossRef]

59. Wang, Q.; Wang, Q.; Li, H.; Sun, L.; Zhang, D.; Zhang, Y. Sensilla localization and sex pheromone recognition of odorant binding
protein OBP4 in the mirid plant bug Adelphocoris lineolatus (Goeze). J. Insect Physiol. 2020, 121, 104012. [CrossRef]

60. Hua, J.-F.; Zhang, S.; Cui, J.-J.; Wang, D.-J.; Wang, C.-Y.; Luo, J.-Y.; Lv, L.-M.; Ma, Y. Functional characterizations of one odorant
binding protein and three chemosensory proteins from Apolygus lucorum (Meyer-Dur) (Hemiptera: Miridae) legs. J. Insect Physiol.
2013, 59, 690–696. [CrossRef]

61. Younas, A.; Waris, M.I.; Tahir Ul Qamar, M.; Shaaban, M.; Prager, S.M.; Wang, M.-Q. Functional analysis of the chemosensory
protein MsepCSP8 from the oriental armyworm Mythimna separata. Front. Physiol. 2018, 9, 872. [CrossRef] [PubMed]

62. Kitabayashi, A.N.; Arai, T.; Kubo, T.; Natori, S. Molecular cloning of cDNA for P10, a novel protein that increases in the
regenerating legs of Periplaneta americana (American Cockroach). Insect Biochem. Mol. Biol. 1998, 28, 785–790. [CrossRef]

63. Wanner, K.W.; Isman, M.B.; Feng, Q.; Plettner, E.; Theilmann, D.A. Developmental expression patterns of four chemosensory
protein genes from the eastern spruce budworm, Chroistoneura fumiferana. Insect Mol. Biol. 2005, 14, 289–300. [CrossRef] [PubMed]

64. Hou, C.-X.; Qin, G.-X.; Liu, T.; Mei, X.-L.; Li, B.; Shen, Z.-Y.; Guo, X.-J. Differentially expressed genes in the cuticle and hemolymph
of the silkworm, Bombyx mori, injected with the fungus Beauveria bassiana. J. Insect Sci. 2013, 13, 138. [CrossRef] [PubMed]

65. Rytz, R.; Croset, V.; Benton, R. Ionotropic receptors (IRs): Chemosensory ionotropic glutamate receptors in Drosophila and beyond.
Insect Biochem. Mol. Biol. 2013, 43, 888–897. [CrossRef]

66. Rimal, S.; Sang, J.; Poudel, S.; Thakur, D.; Montell, C.; Lee, Y. Mechanism of acetic acid gustatory repulsion in Drosophila. Cell Rep.
2019, 26, 1432–1442.e4. [CrossRef]

67. He, Z.; Luo, Y.; Shang, X.; Sun, J.S.; Carlson, J.R. Chemosensory sensilla of the Drosophila wing express a candidate ionotropic
pheromone receptor. PLoS Biol. 2019, 17, e2006619. [CrossRef]

http://doi.org/10.1007/s10886-012-0221-8
http://doi.org/10.1007/s00114-015-1260-0
http://www.ncbi.nlm.nih.gov/pubmed/25724420
http://doi.org/10.1016/j.ibmb.2015.03.002
http://www.ncbi.nlm.nih.gov/pubmed/25784630
http://doi.org/10.1073/pnas.1019622108
http://www.ncbi.nlm.nih.gov/pubmed/21709218
http://doi.org/10.1016/j.ibmb.2016.04.010
http://doi.org/10.1016/j.cub.2008.10.009
http://doi.org/10.1073/pnas.0702421104
http://doi.org/10.1038/nature05466
http://doi.org/10.1016/j.cell.2012.10.024
http://doi.org/10.1016/j.cub.2007.07.062
http://doi.org/10.1111/1749-4877.12528
http://www.ncbi.nlm.nih.gov/pubmed/33704889
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
http://doi.org/10.1016/j.ibmb.2014.02.004
http://www.ncbi.nlm.nih.gov/pubmed/24582661
http://doi.org/10.3389/fphys.2017.00735
http://doi.org/10.1093/jee/toz130
http://doi.org/10.3389/fphys.2020.00276
http://doi.org/10.1002/ps.6606
http://doi.org/10.1016/j.jmb.2009.04.015
http://doi.org/10.1016/j.jinsphys.2020.104012
http://doi.org/10.1016/j.jinsphys.2013.04.013
http://doi.org/10.3389/fphys.2018.00872
http://www.ncbi.nlm.nih.gov/pubmed/30050456
http://doi.org/10.1016/S0965-1748(98)00058-7
http://doi.org/10.1111/j.1365-2583.2005.00559.x
http://www.ncbi.nlm.nih.gov/pubmed/15926898
http://doi.org/10.1673/031.013.13801
http://www.ncbi.nlm.nih.gov/pubmed/24794288
http://doi.org/10.1016/j.ibmb.2013.02.007
http://doi.org/10.1016/j.celrep.2019.01.042
http://doi.org/10.1371/journal.pbio.2006619


Insects 2022, 13, 763 14 of 14

68. Lee, Y.; Poudel, S.; Kim, Y.; Thakur, D.; Montell, C. Calcium taste avoidance in Drosophila. Neuron 2018, 97, 67–74.e4. [CrossRef]
69. Jaeger, A.H.; Stanley, M.; Weiss, Z.F.; Musso, P.-Y.; Chan, R.C.; Zhang, H.; Feldman-Kiss, D.; Gordon, M.D. A complex peripheral

code for salt taste in Drosophila. eLife 2018, 7, e37167. [CrossRef]
70. Stewart, S.; Koh, T.-W.; Ghosh, A.C.; Carlson, J.R. Candidate ionotropic taste receptors in the Drosophila larva. Proc. Natl. Acad.

Sci. USA 2015, 112, 4195–4201. [CrossRef]
71. Briscoe, A.D.; Macias-Muñoz, A.; Kozak, K.M.; Walters, J.R.; Yuan, F.; Jamie, G.A.; Martin, S.H.; Dasmahapatra, K.K.; Ferguson,

L.C.; Mallet, J.; et al. Female behaviour drives expression and evolution of gustatory receptors in butterflies. PLoS Genet. 2013,
9, e1003620. [CrossRef] [PubMed]

72. Ning, C.; Yang, K.; Xu, M.; Huang, L.Q.; Wang, C.Z. Functional validation of the carbon dioxide receptor in labial palps of
Helicoverpa armigera moths. Insect Biochem. Mol. Biol. 2016, 73, 12–19. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuron.2017.11.038
http://doi.org/10.7554/eLife.37167
http://doi.org/10.1073/pnas.1503292112
http://doi.org/10.1371/journal.pgen.1003620
http://www.ncbi.nlm.nih.gov/pubmed/23950722
http://doi.org/10.1016/j.ibmb.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27060445

	Introduction 
	Materials and Methods 
	Insect Rearing and Tissue Collection 
	RNA Extraction, cDNA Library Preparation, and Sequencing 
	Assembly and Functional Annotation 
	Sequence Analysis and Phylogenetic Tree Construction 
	Expression Analysis by Real-Time Quantitative PCR 

	Results 
	Transcriptome Analysis and Assembly 
	Identification of Putative OBP Genes 
	Identification of Putative CSP Genes 
	Identification of Putative OR Genes 
	Identification of Putative GR Genes 
	Identification of Putative IR Genes 
	Identification of Putative SNMP Genes 
	Tissue Specific Expression Analysis of Putative Chemosensory Genes 

	Discussion 
	Conclusions 
	References

