De novo assembly and identification of antennal
transcriptome reveals an olfactory system in Heortia
vitessoides (Lepidoptera: Crambidae)

Jie Cheng ' , Chun-Yan Wang ', Zi-Hao Lyu ', Jing-Xiang Chen ! , Tong Lin ™ !

1 College of Forestry and Landscape Architecture, South China Agricultural University, GuangZhou, GuangDong, China

Corresponding Author: Tong Lin
Email address: lintong@scau.edu.cn

Olfactory systems in insects are used to detect volatile chemical odors, and play crucial
roles in survival, reproduction, and mediating key behaviors. Here, RNA sequencing
technology was used to sequence and assemble the antennal transcriptome of Heortia
vitessoides, a defoliating pest in Aquilaria sinensis (Loureiro) Sprenger forests and a non-
model species with no genomic resources. Analysis of the transcriptome of female and
male antennae generated 22.16 gigabases of genomic data, from which 52,383 unigenes
were assembled. We identified 80 candidate olfactory genes: eight for odorant binding
proteins (OBPs), 14 for chemosensory proteins (CSPs), 35 odorant receptors (ORs), 18
ionotropic receptors (IRs), three gustatory receptors (GRs), and two for sensory neuron
membrane proteins (SNMPs). Furthermore, phylogenetic trees and fragments per kilobase
of transcript per million fragments mapped (FPKM) were used to analyze these olfactory
genes. This study is the first comprehensive antennal transcriptome analysis for H.
vitessoides, and these novel olfactory genes will increase understanding of the molecular
mechanism of chemoreception and further contribute to exploring strategies to manage
this insect.
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Abstract

Olfactory systems in insects are used to detect volatile chemical odors, and play crucial roles in
survival, reproduction, and mediating key behaviors. Here, RNA sequencing technology was used
to sequence and assemble the antennal transcriptome of Heortia vitessoides, a defoliating pest in
Agquilaria sinensis (Loureiro) Sprenger forests and a non-model species with no genomic
resources. Analysis of the transcriptome of female and male antennae generated 22.16 gigabases
of genomic data, from which 52,383 unigenes were assembled. We identified 80 candidate
olfactory genes: eight for odorant binding proteins (OBPs), 14 for chemosensory proteins (CSPs),
35 odorant receptors (ORs), 18 ionotropic receptors (IRs), three gustatory receptors (GRs), and
two for sensory neuron membrane proteins (SNMPs). Furthermore, phylogenetic trees and
fragments per kilobase of transcript per million fragments mapped (FPKM) were used to analyze
these olfactory genes. This study is the first comprehensive antennal transcriptome analysis for
H. vitessoides, and these novel olfactory genes will increase understanding of the molecular
mechanism of chemoreception and further contribute to exploring strategies to manage this

nsect.
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Introduction

Chemical signals are detected by insects using olfactory systems (Field, Pickett & Wadhams,
2000). The olfactory could communicate signals with the environment and make the behaviors,
including habits choosing, couple searching, food hunting, gathering, tropism, and signal
communication (Fatouros et al. ,2008; Leal, 2013). Olfactory-related proteins, mainly located in
the sensillum hemolymph on the antennae, and to a lesser extent on other sensory appendages
(Vosshall & Stocker, 2007; Zhang et al., 2016a; Sheng et al., 2017). These proteins include many
types, namely, odorant-binding proteins (OBPs), chemosensory proteins (CSPs), olfactory
receptors (ORs), ionotropic receptors (IRs), gustatory receptors (GRs), and sensory neuron
membrane proteins (SNMPs) (Fan et al., 2011; Chen et al., 2016; Wang, Liu & Wang, 2017).
Among them, the non-receptor proteins are encoded by three gene families, the OBPs, CSPs and
SNMPs. ORs, IRs and GRs belonging to receptors proteins (Zhao et al., 2016).

OBPs of insects are soluble acidic proteins, are highly concentrated in the lymph of
chemosensory sensilla of insect antennae, and belong to four major classes: PBP (pheromone-
binding protein), general OBP1, general OBP2, and OBP-like (Vogt, Rybcynski & Lemer, 1991;
Wang, Guo & Wu, 2002). OBPs are widely involved in olfactory perception, and play a key role
in transporting hydrophobic odorants to the ORs (Sanchez-Gracia, Vieira & Rozas, 2009; Ji et al.,
2013). CSPs are small soluble acidic proteins, formed during long evolution, and are abundantly
distributed in the antennae, tarsi and other sensory appendages of insects (Maleszka & Stange,
1997). CSPs among insects are well-conserved, and the identity is generally 30%—90%. They are
believed to be involved in chemical communication, including the perception, identification,
transport, and transduction of semiochemicals from the environment (including olfaction, taste,
and others), and may be associated with the regulation of circadian rhythms and maturation of
tissue or appendages (Marchese et al., 2000; Anholt & Mackay, 2001; Briand et al., 2002).
SNMPs, being the only identified neuronal members of the CD36 family, belong to a larger gene
family of receptor proteins characterized by the human protein CD36. The insect SNMP/CD36
genes are divided into three major groups, and SNMPs belong to group three, which are divided
into two subgroups SNMP1 and SNMP2 (Nichols & Vogt, 2008). The SNMP1 subgroup is
specifically located in the antennae, and are related to pheromone-specific olfactory sensory
neurons (OSNs). The SNMP2 subgroup is expressed in neurons, and to a greater extent in sensilla
support cells. It is also associated with pheromone detection (Benton, Vannice & Vosshall, 2007
Forstner et al., 2008; Vogt et al., 2009).
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Insect OSNs express two types of ORs: conventional ORs, a highly divergent family of
receptors that are expressed in small subpopulations of OSNs; and a member of the olfactory co-
receptor family, Orco (formerly called ORS83b), a receptor without odor sensitivity, which is
expressed in the majority of OSNs and is remarkably conserved across insect species (Elmore &
Smith, 2001; Larsson et al., 2004; Pitts, Fox & Zwiebel, 2004; Smith, 2007).

Membrane topology of ORs shows an inverted orientation with G-protein-coupled receptors
(Benton et al., 2006). Insect ORs function via Orco, which transduces odorant signals by both
heteromeric ligand-gated ion channels and cyclic nucleotide-activated cation channels, and
therefore can respond to them rapidly, transiently, sensitively, and efficiently (Jones et al., 2005;
Sato et al., 2008; Wicher et al., 2008). IRs are a new chemosensory receptor family, and is
another variant subfamily of ionotropic glutamate receptors (iGluRs). The function of IRs is
associated with the detection of chemical signals (Benton et al., 2006; Benton et al., 2009). Insect
IRs can be divided into two distinct subfamilies based on the expression location: the conserved
“antennal IRs” and the species-specific “divergent IRs” (Croset et al., 2010; Abuin et al., 2011).
In antennal IRs, similarly to Orco, IR8a and IR25a act as co-receptors, are broadly expressed, and
play essential roles in tuning IR sensory cilia targeting and IR-based sensory channels (Abuin et
al., 2011; Zhang et al., 2016b). GR sequences are conserved to a much greater extent than OR
sequences (McBride & Arguello, 2007; Gardiner et al., 2008). GRs are dominantly expressed in
the gustatory organs, such as the mouthparts (Dong et al., 2016). When the taste organs are
exposed to environmental stimuli, GRs in the taste neurons can encode these chemical signals,
convert them into electrical signals, and then transmit these signals to the central nervous system
through nerve axons in the form of pulses (Schoonhoven, Loon & Dicke, 2005).

Studies on the identification of olfactory genes in insects are making significant progress.
Next-generation sequencing techniques such as RNA sequencing (RNA-seq), aided by decreasing
costs along with technical advancements, have become valuable tools for researchers to obtain
vast amounts of genetic information from non-model organisms without any prior sequence
knowledge (Liu et al., 2016). Over the past several years, RNA-seq has been used to identify
olfactory genes by antennal transcriptome sequencing in many Lepidoptera species, such as
Ostrinia furnacalis (Zhang et al., 2015a), Chilo suppressalis (Cao et al., 2014), Helicoverpa
armigera (Zhang et al., 2015b), and Agrotis ipsilon (Gu et al., 2014).
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Heortia vitessoides Moore (Lepidoptera: Crambidae) is a serious defoliating pest of
Aquilaria sinensis (Loureiro) Sprenger, an endemic species to China that produces valuable
agarwood, a fragrant wood widely used in traditional medicine and the incense industry (Qiao et
al., 2013; Jin et al., 2016). Field investigations have indicated that a large-scale outbreak of H.
vitessoides can cause serious defoliation of 4. sinensis, and therefore lead to severe damage to
tree growth and agarwood production (Lu et al., 2014; Wen et al., 2016; Zhou et al., 2016). The
biological characteristics, pesticide control methods, and behavior of H. vitessoides have been
extensively studied for applications in insect control (Cheng, Chen & Lin, 2017). However, there
are no reports detailing an effective means to control this pest. Genetic information about the
olfactory genes in H. vitessoides is scarce. In this study, the female and male antennal
transcriptome of H. vitessoides were sequenced on a BGISEQ-500 platform, and identified 80
candidate olfactory genes (eight OBPs, 14 CSPs, 35 ORs, 18 IRs, three GRs and two SNMPs).
We conducted a comprehensive phylogenetic analysis of these olfactory genes. Furthermore,
using fragments per kilobase of transcript per million fragments mapped (FPKM), the gene-level
expressions of these candidate olfactory genes were measured and compared between the female
and male antennae of H. vitessoides. Our results will aid genetic and genomic research related to
the chemosensory system in this species.

Materials and methods

Insect rearing and antennae collection

H. vitessoides larvae were collected in May, 2017, from an A. sinensis plantation (22° 01’ N,
110° 25'E) in Huazhou, Guangdong, China. No chemical treatment was applied before or during
collection. The insects were fed with fresh A. sinensis leaves in the laboratory under conditions of
26 £ 2°C with 70 + 2% relative humidity, and a consistent 14 h:10 h light/dark cycle. After
pupation, pupae were sexed according to the morphology of the eighth and ninth abdominal
segments (Cao et al., 2013). Female and male pupae were stored in separate plastic containers.
After eclosion, adults were fed with 7% honey solution. The antennae were collected (100 pairs
from each sex) two to three days after eclosion and stored in liquid nitrogen immediately.

RNA sample preparation
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Total RNA was extracted using the E.Z.N.A.™ Total RNA Kit II (OMEGA Biotec, Norcross,
GA, USA) following the supplier’s instructions, and was treated with DNase I (Invitrogen, Life
Technologies, Carlsbad, CA, USA). A Nanodrop 2000 spectrophotometer (NanoDrop Products,
Wilmington, DE, USA) was used to check sample purity, while a Qubitl 2.0 fluorometer (Life
Technologies, Gaithersburg, MD, USA) and Quantifluor-ST fluorometer with Agilent 2100
Bioanalyzer (Promega, Madison, WI, USA) were used to measure for concentration and integrity,
respectively.

cDNA library construction

The qualified RNA samples were used for transcriptome sequencing. The first step involved
purifying the poly-(A)-containing mRNA molecules using poly-T oligo-attached magnetic beads.
Following purification, the mRNA was fragmented using divalent cations under elevated
temperature. The cleaved RNA fragments were copied into first-strand cDNA using reverse
transcriptase and random primers. This was followed by second-strand cDNA synthesis using
DNA Polymerase I and RNase H. These cDNA fragments were then subjected to the addition of a
single ‘A’ base, and subsequently the ligation of the DNA adapters. The products were then
purified and enriched with PCR amplification. We then quantified the PCR yield using Qubit, and
pooled samples together to make a single strand DNA (ssDNA) circle, which gave the final
library. The cDNA library was subjected to sequencing on the BGISEQ-500 platform (BGI,
Shenzhen, China).
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De novo assembly and function annotation

Clean reads were obtained by removing reads containing adaptor sequences, more than 5%
unknown nucleotides, more than 50% bases with Q-value < 20, and empty reads. Then, the Q30
and GC-content were used to assess the sequencing quality. Next, de novo assembly was
performed using Trinity software (Grabherr et al., 2011) to generate unigenes. The TGICL
software (Pertea et al., 2003) was used to assemble the unigenes to form a single set of non-
redundant unigenes. To acquire comprehensive information on gene functions, assembled
unigenes were searched against the Nr (NCBI non-redundant protein sequences), Nt (NCBI
nucleotide), KOG (eukaryotic ortholog groups), SwissProt, KEGG (Kyoto Encyclopedia of
Genes and Genomes) database using BLASTx and BLASTn with an E-value < 10°. Blast2GO
(Conesa et al., 2005) was used for GO (Gene Ontology) annotation with an E-value < 10°based
on the protein annotation results of the Nr database. InterPro functional annotation was
performed using InterProScan5 (Quevillon et al., 2005).

Identification of H. vitessoides olfactory genes

The candidate unigenes encoding putative OBPs, CSPs, ORs, IRs, GRs, and SNMPs were
retrieved from the assembled sequences. A BLASTn analysis was also performed by searching
these putative genes using the sequences of homologous genes from other lepidopteran species.
The sequences representing each family of genes that showed highest homology with each other
according to the alignment results were chosen for further analysis.

Phylogenetic analyses
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156 The phylogenetic trees were constructed for phylogenetic analyses of H. vitessoides OBPs
157  (HvitOBPs), HvitCSPs, HvitORs, HvitIRs, HvitGRs, and HvitSNMPs, based on these genes and
158 the sequences of other insects. The OBP dataset contained eight sequences from H. vitessoides
159 and 24 from lepidopteran insects (eight from Cnaphalocrocis medinalis, eight from Ostrinia
160  furnacalis, and eight from Conogethes punctiferalis). The CSP dataset contained 14 sequences
161 from H. vitessoides and 42 from lepidopteran insects (14 from O. furnacalis, 14 from C.

162  medinalis, and 14 from Bombyx mori). The OR dataset contained 35 sequences from H.

163  vitessoides and 84 from lepidopteran insects (32 from C. punctiferalis, 25 from C. medinalis, 16
164  from Helicoverpa assulta, and 11 from Helicoverpa armigera). The IR dataset contained 18

165 sequences from H. vitessoides and 48 from lepidopteran and dipteran insects (nine from C.

166  punctiferalis, 20 from Drosophila melanogaster, eight from Dendrolimus houi, and 11 from H.
167  assulta). The GR dataset contained three sequences from H. vitessoides and nine from

168 lepidopteran insects (three from C. punctiferalis, three from H. assulta, and three from H.

169  armigera). The SNMP data set contained two sequences from H. vitessoides and six from

170  lepidopteran insects (two from O. furnacalis, two from Chilo suppressalis, and two from C.

171 medinalis). Amino acid sequences were aligned with ClustalX 1.83 (Thompson et al., 1997).
172 Phylogenetic trees were constructed by the neighbor-joining method, with a p-distance model and
173 a pairwise deletion of gaps, as implemented in MEGAS.0 software (Tamura et al., 2011). Node
174  support was assessed using a bootstrap procedure based on 1,000 replicates, and node support
175  values < 50% are not shown.

176 Expression abundance analyses

177 Gene-level expression measurement of OBPs, CSPs, ORs, IRs, GRs, and SNMPs between
178 female and male antennae of H. vitessoides were reported in FPKM. Clean sequencing reads of
179  each sample were compared with the unigene database using the Bowtie2 program (Langmead &
180 Salzberg, 2012). RSEM software (Li & Dewey, 2011) was used to measure the gene expression
181 values, and the FPKM value was used to represent expression abundance of the genes. The

182 FPKM of a gene is calculated with the formula:

cDNA Fragments
Mapped Fragments(Millions) XTranscript Length(kb) -

FPKM =

183
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where cDNA fragments represent the number of aligned fragments within certain transcripts and
indicate the number of double reads. Mapped fragments (Millions) depict the total number of
aligned fragments within transcripts with a unit of 10°. Transcript length (kb) is the length of
transcripts with a unit of 10° bases.

Results

Sequencing and de novo assembly

To identify the olfactory genes from H. vitessoides, cDNA from male and female antennae
were sequenced using the BGISEQ-500 platform. Sequencing yielded a total of 117.04 Mb and
117.04 Mb of raw reads for the male and female antennae samples, respectively. After removing
adaptor sequences, low quality sequences, and N-containing sequences, 110.52 Mb and 111.07
Mb of clean reads were generated from the male and female antennae raw data, respectively. All
clean reads from male and female antennae were assembled to generate 46,797 (mean length
1,146 bp) and 46,347 (mean length 1,105 bp) unigenes. We assembled all of the clean reads from
male and female antennae and generated 52,383 unigenes (mean length 1,238 bp) (Table 1). The
size distribution of the assembled unigenes is shown in Fig 1.

Sequence annotation

The number of matched unigenes and the match percentages at different values are shown in
Table 2. In summary, 24,805 (47.35%), 13,981 (26.69%), 17,772 (33.93%), 18,917 (36.11%),
17,333 (33.09%), 17,384 (33.19%), and 2,346 (4.48%) unigenes had homologous sequences in
the Nr, Nt, Swiss-Prot, KEGG, KOG, Interpro, and GO databases, respectively. The number of
unigenes that were annotated by any of the seven functional databases was 51.59% of the total.
Only 2.43% of the unigenes were annotated in all databases. For species distribution, the highest
match percentage was to Amyelois transitella (36.15%) sequences, followed by the sequences of
Bombyx mori (13.03%), Papilio xuthus (10.86%), and Papilio machaon (8.99%) (Fig 2).

GO annotation was used to classify the function of transcripts according to the GO terms
(Fig S1). In the biological process terms, cellular process (1,247), metabolic processes (1,174),
and single-organism processes (729) were the most abundant. In the cellular component terms,
cell (931), cell part (924), and membrane (618) were the highest classified. In the molecular
function terms, the numbers of genes involved in binding (1,045), catalytic activity (936), and
structural molecule activity (254) were the greatest.
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In total, 17,333 unigenes were assigned to 25 KOG functional categories (Fig S2). Of these
categories, ‘General function prediction only’ represented the largest group, containing 4,405
unigenes, followed by ’Signal transduction mechanisms’ (3,714) and ‘Function unknown’
(2,004). The ‘Cell motility’ (58), ‘Coenzyme transport and metabolism’ (145), and ‘Nucleotide
transport and metabolism’ (238) categories were the smallest clusters represented.

To understand the biological pathways involved in the antennae of H. vitessoides, the
sequences were mapped to reference canonical pathways in KEGG (Fig S3). In summary, 18,917
unigenes were classified into six groups, Cellular Processes, Environmental Information
Processing, Genetic Information Processing, Human Diseases, and Metabolism and Organismal
Systems. Transport and catabolism (1,389), Signal transduction (2,736), Translation (1,212),
Cancers: Overview (1,680), Global and overview maps (2,347), and Immune system (1,465) were
the dominant pathways in each group, respectively.

Candidate OBPs in H. vitessoides antennae

In total, we identified eight transcripts belonging to the OBP family (Table 3). A
phylogenetic analysis was conducted to evaluate the relationships between HvitOBPs and OBPs
for other lepidopteran species. The neighbor-joining tree showed that the eight HvitOBPs were
spread across several branches, and that six HvitOBPs (OBP1, OBP2, OBP3, OBP4, OBPS5, and
OBPg8) were clustered with orthologs of other lepidopteran species (Fig 3). HvitOBP1 was
clustered with OBPs from C. medinalis and O. furnacalis (Fig 3). Of these OBPs, HvitOBP3,
HvitOBP1, and HvitOBP2 showed the highest expression level in females (FPKM = 7,752.16,
3,955.53, 1,324.36, respectively) and males (FPKM = 6,798.6, 1,368.05, 903.07, respectively)
(Fig 9).

Candidate CSPs in H. vitessoides antennae
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In the current study, 14 candidate CSPs from the H. vitessoides antennal transcriptome were
identified (Table 4). The phylogenetic tree constructed using CSP sequences from H. vitessoides
and three other lepidopteran species revealed that four HvitCSPs (HvitCSP3, HvitCSP35,
HvitCSPS, and HvitCSP10) were clustered together (Fig 4). The FPKM results showed that
HvitCSP2 (FPKM = 1,402.46), HvitCSP1 (FPKM = 1,368.66), and HvitCSP5 (FPKM =
1,122.45) displayed the highest expression levels in females (Fig 10). HvitCSPI (FPKM =
1,099.85), HvitCSP2 (FPKM = 988.35), and HvitCSP5 (FPKM = 850.83) displayed the highest
expression levels in males (Fig 10).

Candidate ORs in H. vitessoides antennae

In total, 35 different sequences that encode candidate OR genes were identified by
bioinformatic analysis (Table 5). We next performed a phylogenetic analysis using our candidate
ORs and the ORs from four other lepidopteran species. The results showed that 35 HvitORs were
spread across several branches, and HvitOrco was clustered with other lepidopteran Orco
sequences (CpunOR2, CmedOrco, and HassORS83b), which formed one small branch (Fig 5).
Amino acid alignment of the candidate HvitOrco with other insects revealed that the similarity of
Orco was higher than 91% in O. furnacalis, D. indica, C. punctiferalis, C. medinalis and C.
suppressalis (Fig 6). Of the co-receptors, Orco/OR2 was most abundant in females (FPKM =
68.75) and males (FPKM =79.46) (Fig 11).

Candidate IRs in H. vitessoides antennae

In total, 18 different genes were annotated as candidate IRs from the H. vitessoides antennal
transcriptome (Table 6). In the neighbor-joining tree of IRs, HvitIR25a grouped with the highly
conserved IR25a/IR8a (Fig 7). HvitIR25a showed the highest homology with C. punctiferalis
(97%), and had amino acid sequence homology with the /R25a gene from five species of insects,
such as C. pomonella (90%—-93%) (Fig 8). HvitIR25a, HvitIR1, and HvitIR4 had high expression
levels in females (FPKM values of 91.86, 39.13, and 18.96, respectively) and males (FPKM
values of 116.76, 30.77, and 19.62, respectively) (Fig 12). Similar to Orco, IR8a and IR25a act as
co-receptors, and HvitIR25a had the highest expression level in female and male antennae (Fig
12).

Other candidate olfactory genes in H. vitessoides antennae
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Antennal transcriptome of H. vitessoides assembly led to the identification of three GR
candidates (Table S2). Using the phylogenetic tree of the GRs from H. vitessoides and other
lepidopteran species, we found that HvitGR3 was clustered with CpunGR3 and HarmGR1 (Fig
S4). The FPKM results showed that HvitGR3 displayed the highest expression levels in both
female (FPKM =2.04) and male (FPKM =1.63) antennae (Fig S6).

We also obtained two SNMPs from the antennal transcriptome of H. vitessoides (Table S2).
Based on the phylogenetic analysis, we found that HvitSNMP1 was clustered with OfurSNMP1,
CmedSNMP1I, and CsupSNMP1, which was expected since they belong to the same family (Fig
S5). HvitSNMP2 showed the same phylogeny as HvitSNMP1 (Fig S5). Between the two SNMPs,
HvitSNMP2 (FPKM = 313.84) had the highest expression level in female antennae and
HvitSNMP1 (FPKM = 660.36) was dominant in male antennae (Fig S7).

Discussion

H. vitessoides, an insect belonging to Lepidoptera, Crambidae, is a defoliator that is widely
distributed throughout the southern coastal areas of China (Chen et al., 2011). To date, many
studies on H. vitessoides have focused on the elucidation of the ecological and biological aspects,
while few have been aimed at molecular biology, and no studies on olfactory genes have been
reported in this pest. With the rapid development of next-generation sequencing technology, a
large number of functional genes in non-model organisms have been identified (Yan et al., 2015).
In the present study, using next-generation sequencing technology, we generated the first
transcriptome databases from the female and male antennae of H. vitessoides. In total, 80
transcripts were identified, including eight OBPs, 14 CSPs, 35 ORs, 18 IRs, three GRs, and two
SNMPs. All 80 transcripts were novel for H. vitessoides. These results supply the basis for
elucidating molecular mechanisms of olfactory behaviors in H. vitessoides, and have determined
a large number of target genes to develop specific and environmentally-friendly pesticides.

By using homology alignment, we identified eight OBPs based on the female and male
antennal transcriptome of H. vitessoides. Compared with the insects in which the OBPs were
identified by analyzing antenna transcriptomes, the number of the candidate OBPs identified by
the current study in H. vitessoides was similar to the numbers found in Atta vollenweideri (eight
OBPs) (Koch et al., 2013), Sclerodermus sp. (10 OBPs) (Zhou et al., 2015), and Chrysoperla
sinica (12 OBPs) (Li et al., 2015), but was lower than that in Agrotis ipsilon (33 OBPs)
(Newcomb et al., 2014) and Bombyx mori (46 OBPs) (Ou et al., 2014). The gene expression
analysis of OBPs in H. vitessoides might help to characterize the function of these proteins in
future research. HvitOBP3, HvitOBP1, and HvitOBPZ2 showed the highest expression level in
female and male antennal, which suggests that they may have important functions during
olfactory related behaviors.
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Insect CSPs represent a novel group of olfactory proteins that probably function in a manner
similar to OBPs in insect chemoreception (Zhao et al., 2016). In total, 14 CSPs were identified in
the antennal transcriptome of H. vitessoides. The number of CSP genes is highly variable among
lepidopteran species, ranging from 10 in O. furnacalis (Zhang et al., 20152) to 24 in Sesamia
inferens (Zhang et al., 2013), according to the transcriptome data. The FPKM results showed that
HvitCSP3, HvitCSP9, and HvitCSP14 had the lowest expression levels in females (FPKM = 0.07,
6.33, and 1.75, respectively) and males (FPKM = 0.07, 3.55, and 2.14, respectively). There is a
possible reason for this result; CSPs have broad expression profiles in olfactory organs such as
the antennae, maxillary palps, and labial palps, and non-olfactory tissues such as the legs, wings,
and pheromone glands (Sheng et al., 2017). We constructed the antenna transcriptome, and
therefore may not have detected CSP expression from other tissues.

In chemosensory signal transduction processes, ORs play a central role as a bio-transducer,
facilitating the conversion of the chemical signal to an electrical signal (Cao et al., 2014). Insects
of different orders usually have a large number of antennal-expressed ORs. For example, in
Lepidoptera: Helicoverpa assulta (64 ORs) (Zhang et al., 2015b), Helicoverpa armigera (60
ORs) (Zhang et al., 2015b), and Bombyx mori (66 ORs) (Wanner & Robertson, 2008; Tanaka et
al., 2009); in Coleoptera: Rhynchophorus ferrugineus (77 ORs) (Antony et al., 2016) and
Anomala corpulenta (43 ORs) (Li et al., 2015a); in Hymenoptera: Chouioia cunea (80 ORs)
(Zhao et al., 2016) and Atta vollenweideri (70 ORs) (Koch et al., 2013); in Diptera: Bactrocera
dorsalis (43 ORs) (Jin et al., 2017); and in Neuroptera: Chrysoperla sinica (37 ORs) (Li et al.,
2015b). As a receptor that is strikingly different from all other insect olfactory receptors, Orco is
highly conserved in insect species and widely expressed. Orco plays a critical role in insect
olfaction. (Touhara & Vosshall, 2009). From the antennal transcriptome of H. vitessoides, we
found a co-receptor HvitOrco that showed a high degree of similarity with Orco genes of other
insects, indicating homologous functions of HvitOrco in H. vitessoides. HvitOrco had the highest
expression level in both female and male antennae, as with other insects, such as Nysius ericae
(Zhang et al., 2016) and Conogethes punctiferalis (Ge et al., 2016).

In total, 18 IRs were identified in the antennal transcriptome of H. vitessoides. The number
of H. vitessoides IRs identified was more than that identified in Sesamia inferens (three IRs)
(Zhang et al., 2013) and Ips typographus (seven IRs) (Andersson et al., 2013), and was similar to
the numbers found in Helicoverpa armigera (19 IRs) (Zhang et al., 2015b) and Helicoverpa
assulta (19 IRs) (Zhang et al., 2015b). Like Orco, IR8a and IR25a play the role of co-receptors in
the insect IR system, and could be co-expressed together with other IRs to ensure precise and
efficient responses to odorants (Benton et al., 2009). In the present study, Hvit/R25a was found
clustered in the /R25a/IR8a group with other insect species, and was similar to /R25a in other
insects, with a higher antennal expression (Olivier et al., 2011; Feng et al., 2015). Although we
identified /R25a genes in H. vitessoides, IR8a was not found.
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Additionally, we identified two SNMPs and only three GRs in our transcriptomic data. The
number of GR genes identified in this study was clearly less than in other insects, such as Cydia
pomonella (20 GRs) (Walker et al., 2016). There are two possible reasons to explain this
problem. Firstly, adult H. vitessoides antennae are not primary gustatory organs (Clyne, Warr &
Carlson, 2000). Secondly, the current sequencing technology may not be powerful enough to
screen all candidate genes, especially those transcripts with extremely low abundance in the
antennae (Liu et al., 2015; Sheng et al., 2017). SNMP is one of the important proteins involved in
insect odor recognition, and two SNMP subfamilies (SNMP1 and SNMP2) have been discovered
in insects (Vogt et al., 2009). For most lepidopteran species, two SNMPs were detected from an
antennal transcriptome (Xie, Nian & Su, 2016). Here, HvitSNMP1 and HvitSNMP2 were
identified in H. vitessoides. The phylogenetic tree clearly showed HvitSNMP1 and HvitSNMP2
belonging to separate phylogenetic groups, indicating a functional conservatism among
lepidopteran insects (Chang et al., 2017).

Conclusions

In conclusion, we successfully constructed a female and male antennal transcriptome dataset
for H. vitessoides. Furthermore, we have identified 80 novel olfactory genes including eight
OBPs, 14 CSPs, 35 ORs, 18 IRs, three GRs, and two SNMPs. Our findings make it possible for
future research of the olfactory system of H. vitessoides at the molecular level, and these
olfactory genes are promising targets for further research into controlling this pest in an eco-
friendly manner.
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Figure 1

The size distribution of the assembled unigenes from H. vitessoides male and female
antennal transcriptomes.
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Figure 2

Species distribution.

Species distribution of the unigene BLASTx matches against the NR protein database with a
cut-off E-value of E®. The first hit of each unigene was used for analysis, and the proportion

of homologous sequences in each species is shown.
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Figure 3

Phylogenetic tree of odorant-binding proteins (OBPs) from lepidopteran insects.

Hvit, H. vitessoides; Cmed, C. medinalis; Ofur, O. furnacalis; Cpun, C. punctiferalis. GenBank

accession numbers and amino acid sequences used for the tree are given in Table S1.
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Figure 4

Phylogenetic tree of chemosensory proteins (CSPs) from lepidopteran insects.

Hvit, H. vitessoides; Ofur, O. furnacalis; Cmed, C. medinalis; Bmor, B. mori. GenBank

accession numbers and amino acid sequences used for the tree are given in Table S1.
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Figure 5

Phylogenetic tree of odorant receptors (ORs) from lepidopteran insects.

The black triangle indicates Orco/OR2/OR83b. Hvit, H. vitessoides; Cpun, C. punctiferalis;
Cmed, C. medinalis; Hass, H. assulta; Harm, H. armigera. GenBank accession numbers and

amino acid sequences used for the tree are given in Table S1.
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Figure 6

Amino acid sequence alignment of Orco from H. vitessoides and other insects.

Ofur, O. furnacalis; Dind, D. indica; Cpun, C. punctiferalis; Cmed, C. medinalis; Csup, C.
suppressalis. Blue shading indicates the same sequence among insects. Pink shading
indicates amino acids that show 75% identity between sequences. Green shading indicates

amino acids that show 50% identity between sequences.
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Figure 7

Phylogenetic tree of ionotropic receptors (IRs) from lepidopteran and dipteran insects.

The IR25a/IR8a clade is shown. Hvit, H. vitessoides; Hass, H. assulta; Dhou, D. houi; Dmel, D.
melanogaster; Cpun, C. punctiferalis. GenBank accession numbers and amino acid sequences

used for the tree are given in Table S1.
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Figure 8

Amino acid sequence alignment of IR25a from H. vitessoides and other insects.

Cpun, C. punctiferalis; Cpom, C. pomonella; Hnub, H. nubiferana; Bmor, B. mori; Hass, H.
assulta. Blue shading indicates the same sequence among insects. Pink shading indicates
amino acids that show 75% identity between sequences. Green shading indicates amino

acids that show 50% identity between sequences.
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Figure 9

Expression abundance of eight odorant-binding proteins (OBPs) in the H. vitessoides
antennal transcriptome dataset.

The gene expression abundance is expressed as the fragments per kilobase per million

mapped fragments (FPKM) values.
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Figure 10

Expression abundance of 14 chemosensory protein (CSPs) in the H. vitessoides antennal
transcriptome dataset.

The gene expression abundance is expressed as the fragments per kilobase per million

mapped fragments (FPKM) values.
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Figure 11

Expression abundance of 35 odorant receptors (ORs) in the H. vitessoides antennal
transcriptome dataset.

The gene expression abundance is indicated as the fragments per kilobase per million

mapped fragments (FPKM) values.
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Figure 12

Expression abundance of 18 ionotropic receptors (IRs) in the H. vitessoides antennal
transcriptome dataset.

The gene expression abundance is expressed as the fragments per kilobase per million

mapped fragments (FPKM) values.
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Table 1(on next page)

Summary of assembled unigenes.
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Samples
Total number
Total length
Mean length
N50

GC%

FA-Unigene
46,347
51,246,120
1,105

2,084

41.83

MA-Unigene
46,797
53,639,720
1,146

2,230

41.57

ALL-Unigene
52,383
64,883,116
1,238

2,454

41.64

FA: Female antennae

MA: Male antennae

ALL: Merged result
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Table 2(on next page)

Summary of annotations of unigenes.
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Values Number of unigenes Percentage (%)

Total 52,383 100%

Nr 24,805 47.35%
Nt 13,981 26.69%
Swiss-Prot 17,772 33.93%
KEGG 18,917 36.11%
KOG 17,333 33.09%
Interpro 17,384 33.19%
GO 2,346 4.48%

Intersection 1,275 2.43%

Overall 27,023 51.59%

1 Intersection: The number of unigenes that were annotated by all seven functional databases.
2 Overall: The number of unigenes that were annotated by any of the functional databases.

3

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.3433v1 | CC BY 4.0 Open Access | rec: 26 Nov 2017, publ: 26 Nov 2017



Table 3(on next page)

Candidate OBPs identified in H. vitessoides antennae.
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Gene Gene

Top BLASTX hit
ID name

Description E-value  %ID Species Acc.no
CL5240.Contigl OBP1 General odorant-binding protein 1 2e-76 76% Chilo suppressalis EU825766.1
CL257.Contigl OBP2 General odorant-binding protein 2 6e-120 82% Conogethes punctiferalis KT983812.1
CL4797.Contigl OBP3 General odorant-binding protein 3 2e-103 83% Cnaphalocrocis medinalis KC507179.1
Unigene4790 OBP4 Odorant-binding protein 4 2e-69 74% Conogethes punctiferalis KP985222.1
CL5501.Contigl OBP5 Odorant-binding protein 8 9¢-96 79% Conogethes punctiferalis KP985226.1
CL1934.Contigl OBP6 Odorant-binding protein 10 4e-84 71% Ostrinia furnacalis LC027694.1
Unigenel0057 OBP7 Odorant-binding protein 13 4e-83 77% Ostrinia furnacalis LC027697.1
Unigene34601  OBPS8 Putative odorant binding protein 18 4e-56 73% Nasonia vitripennis HES578203.1
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https://www.ncbi.nlm.nih.gov/nucleotide/1061795281?report=genbank&log$=nucltop&blast_rank=1&RID=V2EA2NG4014
https://www.ncbi.nlm.nih.gov/nucleotide/1061795289?report=genbank&log$=nucltop&blast_rank=1&RID=V2EF99SW01R
https://www.ncbi.nlm.nih.gov/nucleotide/355389908?report=genbank&log$=nucltop&blast_rank=3&RID=V2EHF4NP01R

Table 4(on next page)

Candidate CSPs identified in H. vitessoides antennae.
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Gene Gene

Top BLASTX hit
ID name

Description E-value  %ID Species Acc.no
CL3548.Contigl CSP1 Chemosensory protein 1 le-80 77% Ostrinia furnacalis LC027702.1
Unigene626 CSP2 Chemosensory protein 2 2e-73 77% Ostrinia furnacalis LC027703.1
Unigene34610 CSP3 Chemosensory protein 3 4e-49 73% Athetis dissimilis KT357397.1
CL1524.Contig2 CSP4 Chemosensory protein 4 7e-70 76% Ostrinia furnacalis LC027705.1
Unigene5725 CSP5 Chemosensory protein 5 3e-47 74% Ostrinia furnacalis LC027706.1
Unigenel7488 CSP6 Chemosensory protein 6 le-49 76% Ostrinia furnacalis LC027707.1
CL5098.Contig3 CSP7 Chemosensory protein 8 8e-55 76% Ostrinia furnacalis LC027709.1
Unigenel13728  CSPS8 Chemosensory protein 9 2e-48 75% Helicoverpa armigera JX305304.1
CL6043.Contigl CSP9 Chemosensory protein 10 Se-48 74% Ostrinia furnacalis LC027711.1
Unigene7854 CSP10 Chemosensory protein 11 le-63 78% Ostrinia furnacalis LC027712.1
CL4345.Contigl CSP11 Chemosensory protein 13 1e-90 80% Ostrinia furnacalis LC027714.1
Unigene8885 CSP12 Chemosensory protein 15 6e-93 81% Ostrinia furnacalis LC027716.1
Unigene2777 CSP13 Chemosensory protein 17 4e-61 80% Ostrinia furnacalis LC027718.1
Unigenel4958 CSP14 Chemosensory protein 19 6e-47 74% Ostrinia furnacalis LC027720.1
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https://www.ncbi.nlm.nih.gov/nucleotide/1061795304?report=genbank&log$=nucltop&blast_rank=1&RID=V3RK8528016
https://www.ncbi.nlm.nih.gov/nucleotide/1061795307?report=genbank&log$=nucltop&blast_rank=1&RID=V3RS280D014
https://www.ncbi.nlm.nih.gov/nucleotide/1027314987?report=genbank&log$=nucltop&blast_rank=9&RID=V3RWFWCK014
https://www.ncbi.nlm.nih.gov/nucleotide/1061795311?report=genbank&log$=nucltop&blast_rank=1&RID=V3S0E3MU016
https://www.ncbi.nlm.nih.gov/nucleotide/1061795315?report=genbank&log$=nucltop&blast_rank=3&RID=V3S4G901016
https://www.ncbi.nlm.nih.gov/nucleotide/1061795319?report=genbank&log$=nucltop&blast_rank=3&RID=V3S81N8K016
https://www.ncbi.nlm.nih.gov/nucleotide/1061795324?report=genbank&log$=nucltop&blast_rank=1&RID=V3SBS7A6014
https://www.ncbi.nlm.nih.gov/nucleotide/405117273?report=genbank&log$=nucltop&blast_rank=2&RID=V3SH1W4V016
https://www.ncbi.nlm.nih.gov/nucleotide/1061795331?report=genbank&log$=nucltop&blast_rank=1&RID=V3SNB599016
https://www.ncbi.nlm.nih.gov/nucleotide/1061795333?report=genbank&log$=nucltop&blast_rank=1&RID=V3SSVK4H014
https://www.ncbi.nlm.nih.gov/nucleotide/1061795339?report=genbank&log$=nucltop&blast_rank=2&RID=V3SXS6V0016
https://www.ncbi.nlm.nih.gov/nucleotide/1061795348?report=genbank&log$=nucltop&blast_rank=2&RID=V3T47G4K014
https://www.ncbi.nlm.nih.gov/nucleotide/1061795354?report=genbank&log$=nucltop&blast_rank=1&RID=V3T9TCC1016
https://www.ncbi.nlm.nih.gov/nucleotide/1061795359?report=genbank&log$=nucltop&blast_rank=2&RID=V3TEM4Z1016

Table 5(on next page)

Candidate ORs identified in H. vitessoides antennae.
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Gene Gene
Top BLASTX hit
ID name
Description E-value %ID  species Acc.no

CL495.Contigl ORI Odorant receptor 0.0 74%  Cnaphalocrocis medinalis  KP975136.1
CL1654.Contig2 OR2(Orco)  Odorant receptor co-receptor (Orco) 0.0 80%  Cnaphalocrocis medinalis  KP975160.1
CL1046.Contig8 OR3 Odorant receptor 3e-50 70%  Cnaphalocrocis medinalis  KP975138.1
CL6305.Contigl OR4 Odorant receptor 0.0 75%  Helicoverpa armigera XM_021330911.1
Unigene19900 ORS5S Odorant receptor S5e-79 67%  Eogystia hippophaecolus ~ KX655960.1
CL6415.Contig2 OR6 Odorant receptor le-101 85%  Ostrinia nubilalis AB597006.1
Unigene6842 OR7 Putative olfactory receptor 10 1e-70 70%  Ostrinia furnacalis LC002704.1
CL2882.Contig2 ORS8 Putative olfactory receptor 11 1e-97 68%  Ostrinia furnacalis LC002705.1
Unigene20257 OR9 Putative olfactory receptor 12 Se-141 70%  Ostrinia furnacalis LC002706.1
CL6863.Contigl OR10 Odorant receptor 13 4e-124  69%  Conogethes punctiferalis ~ KX084464.1
Unigenel5674 ORI11 Odorant receptor 14 5e-163 71%  Conogethes punctiferalis ~ KX084465.1
Unigene20835 ORI12 Odorant receptor 15 S5e-134  70%  Conogethes punctiferalis ~ KX084466.1
CL207.Contig2 OR13 Odorant receptor 16 le-69 67%  Athetis dissimilis KR935713.1
CL215.Contig2 OR14 Olfactory receptor 17 le-48 65%  Manduca sexta LN885111.1
CL783.Contigl ORI15 Odorant receptor 18 2e-74 76%  Conogethes punctiferalis ~ KX084469.1
Unigenel18369 ORI16 Odorant receptor 2e-50 68%  FEogystia hippophaecolus ~ KX655975.1
CL82.Contigl OR17 Putative olfactory receptor 21 2e-144  78%  Ostrinia furnacalis LC002715.1
CL4622.Contig2 OR18 Putative olfactory receptor 22 5e-149  71%  Ostrinia furnacalis LC002716.1
Unigenel18334 ORI19 Odorant receptor 25 le-92 70%  Conogethes punctiferalis ~ KX084475.1
Unigene4128 OR20 Putative olfactory receptor 26 2e-149 71%  Ostrinia furnacalis LC002720.1
Unigenel688 OR21 Putative olfactory receptor 27 0.0 74%  Ostrinia furnacalis LC002721.1
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https://www.ncbi.nlm.nih.gov/nucleotide/966344350?report=genbank&log$=nucltop&blast_rank=1&RID=V4E980VS014
https://www.ncbi.nlm.nih.gov/nucleotide/966344354?report=genbank&log$=nucltop&blast_rank=1&RID=V4EJWY8W016
https://www.ncbi.nlm.nih.gov/nucleotide/1059519880?report=genbank&log$=nucltop&blast_rank=5&RID=V4EWCSAV014
https://www.ncbi.nlm.nih.gov/nucleotide/319918811?report=genbank&log$=nucltop&blast_rank=1&RID=V4F1ZW85014
https://www.ncbi.nlm.nih.gov/nucleotide/803377942?report=genbank&log$=nucltop&blast_rank=1&RID=V4F8A486016
https://www.ncbi.nlm.nih.gov/nucleotide/803377944?report=genbank&log$=nucltop&blast_rank=2&RID=V4G7BKKG014
https://www.ncbi.nlm.nih.gov/nucleotide/803377946?report=genbank&log$=nucltop&blast_rank=2&RID=V4GAUV02016
https://www.ncbi.nlm.nih.gov/nucleotide/1189483666?report=genbank&log$=nucltop&blast_rank=1&RID=V4GF1W59016
https://www.ncbi.nlm.nih.gov/nucleotide/1189483668?report=genbank&log$=nucltop&blast_rank=1&RID=V4GNF1D9014
https://www.ncbi.nlm.nih.gov/nucleotide/1189483670?report=genbank&log$=nucltop&blast_rank=1&RID=V4GSSVBU014
https://www.ncbi.nlm.nih.gov/nucleotide/946719711?report=genbank&log$=nucltop&blast_rank=4&RID=V4GX5J6W016
https://www.ncbi.nlm.nih.gov/nucleotide/940350586?report=genbank&log$=nucltop&blast_rank=2&RID=V4H3J7UE014
https://www.ncbi.nlm.nih.gov/nucleotide/1189483676?report=genbank&log$=nucltop&blast_rank=1&RID=V4HAUEGN016
https://www.ncbi.nlm.nih.gov/nucleotide/1059519910?report=genbank&log$=nucltop&blast_rank=5&RID=V4J056VM01R
https://www.ncbi.nlm.nih.gov/nucleotide/803377964?report=genbank&log$=nucltop&blast_rank=1&RID=V4J7JBFT016
https://www.ncbi.nlm.nih.gov/nucleotide/803377966?report=genbank&log$=nucltop&blast_rank=1&RID=V4JERET4014
https://www.ncbi.nlm.nih.gov/nucleotide/1189483688?report=genbank&log$=nucltop&blast_rank=1&RID=V4JM479A01R
https://www.ncbi.nlm.nih.gov/nucleotide/803377974?report=genbank&log$=nucltop&blast_rank=1&RID=V4K6SA1N014
https://www.ncbi.nlm.nih.gov/nucleotide/803377976?report=genbank&log$=nucltop&blast_rank=1&RID=V4KAWHH9016

Unigenel8315 OR22

Unigenel0517 OR23
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Unigene2995 OR25

Unigene16302 OR26
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LC002727.1

KX084485.1
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KX084499.1

KX084500.1
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https://www.ncbi.nlm.nih.gov/nucleotide/803377988?report=genbank&log$=nucltop&blast_rank=1&RID=V4KDHZHM01R
https://www.ncbi.nlm.nih.gov/nucleotide/1189483708?report=genbank&log$=nucltop&blast_rank=1&RID=V4KGG0JB014
https://www.ncbi.nlm.nih.gov/nucleotide/803377994?report=genbank&log$=nucltop&blast_rank=1&RID=V4KM310R01R
https://www.ncbi.nlm.nih.gov/nucleotide/803377996?report=genbank&log$=nucltop&blast_rank=1&RID=V4KR35V901R
https://www.ncbi.nlm.nih.gov/nucleotide/803378042?report=genbank&log$=nucltop&blast_rank=1&RID=V4KU62H501R
https://www.ncbi.nlm.nih.gov/nucleotide/803378044?report=genbank&log$=nucltop&blast_rank=1&RID=V4KWG2Y801R
https://www.ncbi.nlm.nih.gov/nucleotide/803378048?report=genbank&log$=nucltop&blast_rank=1&RID=V4M7V03U016
https://www.ncbi.nlm.nih.gov/nucleotide/1189483736?report=genbank&log$=nucltop&blast_rank=1&RID=V4MB7H0A014
https://www.ncbi.nlm.nih.gov/nucleotide/1189483738?report=genbank&log$=nucltop&blast_rank=1&RID=V4MGY8GD01R
https://www.ncbi.nlm.nih.gov/nucleotide/1189483740?report=genbank&log$=nucltop&blast_rank=1&RID=V4MRR2XU016
https://www.ncbi.nlm.nih.gov/nucleotide/803378016?report=genbank&log$=nucltop&blast_rank=1&RID=V4MU27T801R
https://www.ncbi.nlm.nih.gov/nucleotide/1189483746?report=genbank&log$=nucltop&blast_rank=2&RID=V4MXVKDH014
https://www.ncbi.nlm.nih.gov/nucleotide/1189483748?report=genbank&log$=nucltop&blast_rank=1&RID=V4N3U4G201R
https://www.ncbi.nlm.nih.gov/nucleotide/946719787?report=genbank&log$=nucltop&blast_rank=4&RID=V4NGJEBP014

Table 6(on next page)

Candidate IRs identified in H. vitessoides antennae.
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Gene Gene

Top BLASTX hit
ID name
Description E-value %ID Species Acc.no

CL869.Contig2 IR1 Ionotropic receptor 1 0.0 76% Cnaphalocrocis medinalis KP975100.1
CL245.Contigl IR2 Ionotropic receptor 2 2e-97 70% Conogethes punctiferalis KP975101.1
Unigene3557 1IR3 Ionotropic receptor 3 0.0 74% Conogethes punctiferalis KX084511.1
Unigenel4578 IR4 Ionotropic receptor 4 0.0 71% Conogethes punctiferalis KX084512.1
CL144.Contig2 IRS5 Ionotropic receptor 7 9e-37 67% Conogethes punctiferalis KX084515.1
Unigene36533 1R6 Ionotropic receptor 9 2e-90 80% Conogethes punctiferalis KX096209.1
CL5500.Contigl IR7 Ionotropic receptor le-96 76% Ostrinia furnacalis LC017783.1
Unigene9996  IR25a Ionotropic receptor 25a 0.0 81% Conogethes punctiferalis KX084508.1
CL6851.Contigl IR8 Ionotropic receptor 9¢-80 68% Eogystia hippophaecolus KX655900.1
Unigene12388 1R9 Ionotropic receptor 3e-88 77% Ostrinia furnacalis LC017785.1
Unigene20350 IR10 Ionotropic receptor 3e-49 71% Eogystia hippophaecolus KX655897.1
Unigenel3651 IR11 Ionotropic receptor 6e-51 67% Helicoverpa armigera KF768725.1
CL5259.Contigl IR12 Ionotropic receptor le-171 73% Ostrinia furnacalis LC017787.1
CL1638.Contigl IR13 Ionotropic receptor 9e-170 78% Ostrinia furnacalis LC017789.1
CL647.Contigl 1R14 Tonotropic receptor 75d 0.0 74% Athetis dissimilis KR912017.1
Unigenel3775 IR15 Ionotropic receptor 0.0 77% Ostrinia furnacalis LC017793.1
Unigene6992 IR16 Ionotropic receptor 0.0 80% Ostrinia furnacalis KX084509.1
CL2367.Contigl IR17 Ionotropic receptor 0.0 74% Ostrinia furnacalis LC017797.1
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https://www.ncbi.nlm.nih.gov/nucleotide/966344280?report=genbank&log$=nucltop&blast_rank=9&RID=V3XFYCR1014
https://www.ncbi.nlm.nih.gov/nucleotide/1189483760?report=genbank&log$=nucltop&blast_rank=1&RID=V3XU09M0014
https://www.ncbi.nlm.nih.gov/nucleotide/1189483762?report=genbank&log$=nucltop&blast_rank=3&RID=V3XZKB8F014
https://www.ncbi.nlm.nih.gov/nucleotide/1189483768?report=genbank&log$=nucltop&blast_rank=5&RID=V3Y6K3ST014
https://www.ncbi.nlm.nih.gov/nucleotide/1189483794?report=genbank&log$=nucltop&blast_rank=6&RID=V3YCWAM8016
https://www.ncbi.nlm.nih.gov/nucleotide/814544211?report=genbank&log$=nucltop&blast_rank=1&RID=V3YK3G9Z016
https://www.ncbi.nlm.nih.gov/nucleotide/1189483754?report=genbank&log$=nucltop&blast_rank=1&RID=V3YRNMK1016
https://www.ncbi.nlm.nih.gov/nucleotide/1059519760?report=genbank&log$=nucltop&blast_rank=4&RID=V3YVC7A6014
https://www.ncbi.nlm.nih.gov/nucleotide/814544215?report=genbank&log$=nucltop&blast_rank=2&RID=V3Z15DHE016
https://www.ncbi.nlm.nih.gov/nucleotide/1059519754?report=genbank&log$=nucltop&blast_rank=1&RID=V3Z8WNZK014
https://www.ncbi.nlm.nih.gov/nucleotide/666916248?report=genbank&log$=nucltop&blast_rank=5&RID=V3ZCXV8J016
https://www.ncbi.nlm.nih.gov/nucleotide/814544219?report=genbank&log$=nucltop&blast_rank=2&RID=V3ZJ9CEH014
https://www.ncbi.nlm.nih.gov/nucleotide/814544223?report=genbank&log$=nucltop&blast_rank=1&RID=V407FGV6014
https://www.ncbi.nlm.nih.gov/nucleotide/946716706?report=genbank&log$=nucltop&blast_rank=1&RID=V40D58RT014
https://www.ncbi.nlm.nih.gov/nucleotide/814544231?report=genbank&log$=nucltop&blast_rank=1&RID=V40HY63H014
https://www.ncbi.nlm.nih.gov/nucleotide/1189483756?report=genbank&log$=nucltop&blast_rank=1&RID=V40R4WEZ016
https://www.ncbi.nlm.nih.gov/nucleotide/814544239?report=genbank&log$=nucltop&blast_rank=1&RID=V40XEW4J014

