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Identification of Candidate Chemosensory Receptors in the Antennae of the Variegated Cutworm, Peridroma saucia Hübner, Based on a Transcriptome Analysis
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Insect chemoreception, including olfaction and gustation, involves several families of genes, including odorant receptors (ORs), ionotropic receptors (IRs), and gustatory receptors (GRs). The variegated cutworm Peridroma saucia Hübner (Lepidoptera: Noctuidae) is a worldwide agricultural pest that causes serious damage to many crops. To identify such olfactory and gustatory receptors in P. saucia, we performed a systematic analysis of the antennal transcriptome of adult P. saucia through Illumina sequencing. A total of 103 candidate chemosensory receptor genes were identified, including 63 putative ORs, 10 GRs, 24 IRs, and 6 ionotropic glutamate receptors (iGluRs). Phylogenetic relationships of these genes with those from other species were predicted, and specific chemosensory receptor genes were analyzed, including ORco, pheromone receptors (PRs), sugar receptors, CO2 receptors, and IR co-receptors. RT-qPCR analyses of these annotated genes revealed that 6 PRs were predominantly expressed in male antennae; 3 ORs, 1 GR, 2 IRs, and 2 iGluRs had higher expression levels in male than in female antennae; and 14 ORs, 1 GR, and 3 IRs had higher expression levels in female than in male antennae. This research increases the understanding of olfactory and gustatory systems in the antennae of P. saucia and facilitates the discovery of novel strategies for controlling this pest.
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INTRODUCTION

Insects rely on chemoreception to recognize and discriminate chemical cues in the external environment in order to mate, oviposit, locate hosts, and avoid predators (Hansson and Stensmyr, 2011; Leal, 2013). Insect chemosensation is mainly mediated by three families of chemosensory receptor genes including odorant receptors (ORs) (Clyne et al., 1999; Vosshall et al., 1999), gustatory receptors (GRs) (Clyne et al., 2000), and ionotropic receptors (IRs) (Benton et al., 2009). These genes are usually expressed in the primary olfactory appendages, the antennae.

Insect ORs were first identified in the Drosophila melanogaster genome (Gao and Chess, 1999). ORs are seven-transmembrane proteins with an intracellular N-terminus and extracellular C-terminus, which is opposite to the topology of the G protein-coupled ORs in vertebrates. It transpires that insect odorant receptors are heterodimers composed by one tuning OR subunit and one conserved odorant receptor co-receptor (ORco), acting as non-selective ligand-gated ion channels (Sato et al., 2008; Wicher et al., 2008). Genes in the OR family differ greatly among insect species (except for ORco), both in sequence and in the total number of ORs expressed (Engsontia et al., 2008; Zhou et al., 2015).

Insect GRs, which were also first identified in D. melanogaster, are mainly expressed in taste organs and are associated with contact chemoreception (Clyne et al., 2000; Scott et al., 2001). Like the OR family, the GR family includes many related members with sequences and numbers that vary greatly across species, except that carbon dioxide (CO2) receptors and sugar receptors, which are often expressed in antennae, are conserved among insects (Kwon et al., 2007; Sato et al., 2011).

Ionotropic receptors are related to a subfamily of ancient and highly conserved ionotropic glutamate receptors (iGluRs) (Benton et al., 2009). Genes in the IR family, which have been well studied in D. melanogaster, and play key roles in sensing different odorants, acids, salts, aldehyde, ammonia, temperature, and humidity (Chen et al., 2015; Enjin et al., 2016; Knecht et al., 2016; Frank et al., 2017). Based on amino acid sequences and expression patterns, the IR family in Lepidoptera can be divided into three subgroups. The first subgroup, “antennal IRs”, comprises proteins that are specifically expressed in insect antennae involved in olfaction, gustation, thermosensation and hygrosensation (Croset et al., 2010). The majority of the IRs belong to the second IR subgroup, “divergent IRs”. The copy numbers of these receptors are highly variable across species, and they appear to be absent from antennae, and function in gustation (Croset et al., 2010). A third group of IRs occurs in moths and butterflies, and was recently proposed to be Lepidoptera-specific (Liu et al., 2018). In addition, several co-receptor lineages (including IR8a, IR25a, and IR76b) have also been reported. The functional IR in this family is a heteromeric complex composed of at least one specific ligand-detecting IR and a IR co-receptor (Abuin et al., 2011; Fleischer et al., 2018).

The variegated cutworm Peridroma saucia Hübner (Lepidoptera, Noctuidae) is highly polyphagous, attacking more than 121 plant species including tobacco, corn, potato, wheat, and sorghum (Rings et al., 1976). Peridroma saucia was first recorded in Europe in 1790 and then caused serious outbreaks in many countries throughout the Americas in 1841 (Capinera et al., 1988). It has been damaging crops in North America and Europe for at least 40 years (Rings et al., 1976; Inomata et al., 2002; Choi et al., 2009). Since the 1970s, it has spread as an invasive pest in Japan and Korea and gradually become an important agricultural pest worldwide (Struble et al., 1976; Simonet et al., 1981; Willson et al., 1981). In China, the first outbreak of P. saucia occurred in Sichuan Province in 1981 (Kuang, 1985). This pest has been reported in more than 12 provinces in China (Li et al., 2007; Guo et al., 2010; Xuan et al., 2012). In 2017, we found a serious outbreak of P. saucia in a soybean field in the suburbs of Luoyang, Henan Province (personal observation). To date, studies on P. saucia chemoreception are limited to measurements of the attractiveness of female sex pheromone gland components to males. Field trapping studies found that mixtures of Z11-16: OAc (major component) and Z9-14: OAc (minor component) at the ratio of 3:1 could attract a large number of males in a vegetable field in Tokyo (Inomata et al., 2002), and similar findings have been reported in South Korea (Choi et al., 2009). However, the chemosensory receptors responsible for the sensing of odors in the external environment (such as sex pheromones and host plant volatiles) by P. saucia remain to be identified.

In this study, we used the Illumina sequencing platform to sequence and analyze the antennal transcriptome of male and female P. saucia. We found a total of 103 candidate chemosensory receptor genes including 63 ORs, 10 GRs, 24 IRs, and 6 iGluRs. Expression profiles of these genes in male and female antennae were also investigated using real-time quantitative-PCR (RT-qPCR). We also analyzed the evolutionary relationships of the identified genes with the chemoreceptors of other insect species. The results provide a foundation for future functional characterization of the chemoreceptor genes in P. saucia.



MATERIALS AND METHODS


Insects Rearing

A colony of adult P. saucia was collected from Luoyang, Henan Province, China. Forty adults in a sex ratio of 1:1 were kept in a cage (25 cm in diameter, 40 cm in length) for mating and oviposition. The larvae that hatched from the eggs were kept in a rearing room (27 ± 1°C, with 70 ± 5% relative humidity and a 16-h L/8-h D cycle) and were fed an artificial diet, the main components of which were wheat germ and soybean flour. Pupae were sexed, and male and female pupae were placed in separate cages for eclosion; the adults were given a 10% (V: V) honey solution.



Tissue Collection and RNA Extraction

For transcriptome analysis and RT-qPCR, 100 male and 100 female antennae were collected separately from P. saucia on the 3rd-day after eclosion. These samples were immediately frozen in liquid nitrogen and stored at –80°C before RNA extraction. Total RNA was extracted following the manufacturer’s instructions for the RNeasy Plus Mini Kit (Qiagen, Venlo, Netherlands). The quality and concentration of the RNA were checked by 1.5% agarose gel electrophoresis and with a Nano Drop 2000 spectrophotometer (Nano-Drop Products, Wilmington, DE, United States).



Sequencing and Assembly

cDNA library construction and Illumina sequencing of the samples were performed at Biomarker Technologies (Shunyi, Beijing, China). A 5-mg quantity of total RNA from the female or male antennae (three biological replications) was used for the synthesis of duplex-specific nuclease-normalized cDNA. The cDNA libraries were prepared using Illumina’s sample preparation instructions (Illumina, San Diego, CA, United States). The cDNA libraries were then sequenced to obtain 100-bp paired-end reads using the Illumina HiSeq 2000 platform. Adaptor sequences were removed, and low quality reads were trimmed using Trimmomatic. Transcriptome de novo assembly was carried out with the assembly program Trinityrnaseu-r2013-02-25. The Trinity outputs were clustered by TGICL and were finally capped using Cap3 to produce the genes. Male- and female-derived reads were combined into the assembly. Consensus cluster sequences and singletons formed the final gene dataset.



Functional Annotation and Identification of Chemosensory Receptors

Gene annotation was performed by BLAST searching against the non-redundant (NR) database at NCBI1, Swiss-Prot2, cluster of orthologous groups of proteins (COG), protein family (Pfam) database, and gene ontology (GO) databases with an E-value cut-off of 1e-5 to retrieve proteins with the highest sequence similarity along with their putative functional annotations (Altschul et al., 1997; Ashburner et al., 2000; Deng et al., 2006). The BLAST results were then imported into KOBAS2.0 software3 for Kyoto encyclopedia of genes and genomes (KEGG) annotation (Kanehisa, 2004; Xie et al., 2011). Candidate genes encoding putative ORs, GRs, or IRs/iGluRs were identified, and the annotation results were rechecked using BLASTx in protein databases at NCBI. Open reading frames (ORFs) of candidate chemoreceptor genes were then predicted using ORFfinder4, and were translated into amino acid sequences in Translate at ExPASy5. The transmembrane domains (TMDs) of candidate ORs, GRs, and IRs/iGluRs were predicted using TMHMM server version 2.06.

The expression levels of these genes were estimated using the FPKM (fragments per kilobase of transcript per million fragments mapped) method. The average FPKM value of three biological replications of each sample was calculated.



Phylogenetic Analysis

Odorant receptors, GR, and IR/iGluR phylogenetic trees were built based on amino acid sequences from the datasets of insect species including P. saucia (this study), Helicoverpa armigera, Bombyx mori, and D. melanogaster. Amino acid sequences were first aligned using the program ClustalX (Thompson et al., 1994). Maximum- likelihood trees were constructed using the MEGA 7.0 program (Kumar et al., 2016). Bootstrap analyses of 1000 replicates were used to assess the reliability of nodes in the phylogenetic tree. The evolutionary distances were computed using the JTT matrix-based method (Jones et al., 1992). All ambiguous positions were removed for each sequence pair. Phylogenetic trees were visualized with Figtree7.



RT-qPCR

RT-qPCR was performed to evaluate the relative expression levels of OR, GR, and IR/iGluR genes in male and female antennae of P. saucia. Total RNA was extracted from each sample and reverse-transcribed into first-strand cDNA. The newly synthesized cDNA was used as a template for RT-qPCR. Operations were then carried out following the manufacturer’s instructions for SYBR Premix ExTaq II (Tli RNaseH Plus, Takara, Dalian, China) using the StepOne Plus Real-time PCR System (Applied Biosystems, Foster City, CA, United States). The RT-qPCR conditions were as follows: one cycle of 95°C for 3 min; 40 cycles of 95°C for 10 s and 60°C for 30 s; followed by 95°C for 1 min and 55°C for 1 min. The P. saucia actin gene was chosen as the endogenous control and was used for normalizing target gene expression. Expression levels of chemosensory receptor genes were calculated using the 2–ΔCt method (Schmittgen and Livak, 2008). Each reaction was performed in triplicate for each of three biological replicates. All primers used in the experiment (including the reference gene) are listed in Supplementary Table S1. Before RT-qPCR analysis, preliminary experiments were carried out in which five random PCR products were sequenced to confirm that they were our targets. Data were analyzed by Student’s t-tests, and all figures were made in GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, United States). The level of significance was set at P < 0.05.



RESULTS


Antennal Transcriptome Sequencing and Sequence Assembly

The RNA extracted from the female and male antennae of P. saucia was sequenced using the Illumina HiSeq 2000 platform. A total of 83.28 million (mean length 98 bp) and 77.21 million (mean length 97 bp) clean reads were produced from female and male samples, respectively. The percentage of Q30 bases in each sample was ≥89.17% (Supplementary Table S2). All clean reads from male and female samples were combined into an assembly that generated 79,040 unigenes with a mean length of 773 bp and an N50 length of 1,711 bp. Based on size distribution analysis, 14,396 (18.21%) of the unigenes were longer than 1000 bp (Table 1).


TABLE 1. Summary of the transcriptome assembly of P. saucia antennae.
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GO Annotation and Classification

Unigenes were aligned using BLASTx to protein databases, including GO, Swiss-Prot, COG, KEGG, Pfam, and NR databases. A total of 20,004 (25.31%) unigenes were successfully annotated. Of the 79,040 unigenes, 18,639 (23.58%) had hits in the NR database with an E-value cut-off of 1e-5. Among the annotated unigenes, 13,533 (72.61%) had best matches to lepidopteran sequences, primarily B. mori (42.65%), Danaus plexippus (25.15%), and H. armigera (2.24%) (Supplementary Figure S1).

Gene functional annotation was performed using Blast2GO to classify the sequences into functional groups according to GO category. Among the 79,040 unigenes, 24,820 (31.40%) identified sequences were allocated to at least one GO term. A total of 13,870 were assigned to a cellular component (17.54%), 12,488 to a molecular function (15.79%), and 23,880 to a biological process (30.21%). The most abundant and enriched GO term in the cellular component category were “cell” (2765 unigenes) and “cell part” (2765 unigenes). In the molecular function terms, “binding” (5004 unigenes) were the most represented. In the biological process terms, “metabolic process” (5833 unigenes) was shown to be the most abundant (Figure 1).
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FIGURE 1. Functional annotation of Peridroma saucia antennae transcripts based on gene ontology (GO) categorization. The Y-axis shows the percentage of annotated GO terms in three categories: biological process, cellular component, and molecular function. The X-axis shows three areas of annotation, and in each area the sequences are further divided into subgroups.




Identification and Phylogenetic Analysis of Candidate ORs

Based on the sequence similarity to insect ORs, we identified 63 candidate OR genes in P. saucia antennae. Fifty of these PsauOR genes were putative full-length cDNAs encoding more than 379 amino acids and predicted to have 3−7 transmembrane domains (TMDs), which are characteristics of most insect ORs. The candidate PsauORs share between 49%–88% amino acid identity with published lepidopteran ORs in NCBI database, except for PsauORco, which shared 99% amino acid identity with Mythimna separata ORco. Details for the 63 ORs, including gene names, lengths, and BLASTx algorithm-based best hits are listed in Supplementary Table S3. All of these genes were submitted to the NCBI database, with accession numbers MN602154−MN602197, MN602199−MN602213, and MN602215−MN602218 (Supplementary Table S6).

A phylogenetic tree was constructed based on the alignment of candidate ORs from P. saucia (this study), B. mori (Wanner et al., 2007), and H. armigera (Zhang et al., 2015). As expected, ORcos of the three species were highly conserved and clustered in one branch. Seven ORs in P. saucia, including PsauOR1, PsauOR3, PsauOR4, PsauOR5, PsauOR6, PsauOR7, and PsauOR8, belonged to the lepidopteran pheromone receptors (PRs) clade (Figure 2).
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FIGURE 2. Maximum-likelihood tree of ORs from P. saucia and other Lepidoptera. The tree was rooted by the conservative ORco gene orthologs. Branches of the ORco clade are highlighted with green; branches containing “lepidopteran PRs” are highlighted with blue. Candidate PsauORs are colored with red letters. Node support was estimated with 1000 bootstrap replicates, and bootstrap values were displayed with circles at the branch nodes based on the scale indicated at the top left. The scale bar at the lower right indicates the branch length in proportion to amino acid substitutions per site. Psau, P. saucia; Harm, H. armigera; Bmor, B. mori.




Identification and Phylogenetic Analysis of the Candidate GRs

We identified 10 putative GRs based on the bioinformatic analysis of the antennal transcriptome of P. saucia (GenBank accession numbers MN602219−MN602228, Supplementary Table S6). Among all identified PsauGRs, a complete ORF was identified in PsauGR1/2/4/5/6/7/8/10, while PsauGR3 and PsauGR9 were annotated as partial sequences. Like other typical insect GRs, P. saucia genes contain 6–8 TMDs, and their best hit GRs were from H. armigera and Athetis dissimilis (79%–81% identities) (Supplementary Table S4).

A phylogenetic tree was constructed with GR sequences from P. saucia, H. armigera, and B. mori. PsauGR2 and PsauGR4, which grouped with BmorGR1/2/3 and HarmGR1/2/3, were putative candidate CO2 receptors. Five PsauGRs (PsauGR3/5/6/8/9) clustered with the BmorGR4/5/6/7/8 lineage, which detect sugar in B. mori (Wanner et al., 2007). In addition, PsauGR1 clustered with BmorGR9 and HarmGR9, which are fructose specific (Sato et al., 2011; Jiang et al., 2015). Only two GRs, PsauGR7, and PsauGR10, clustered in the clades containing putative bitter-compound receptors (Figure 3).
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FIGURE 3. Maximum-likelihood tree of GRs from P. saucia and other Lepidoptera. The tree was rooted by the conservative BmorGR9 (fructose receptor) gene orthologs. Branches of the putative CO2 receptors are highlighted with green; branches of putative fructose receptors are highlighted with purple; branches containing “sugar-taste receptors” are highlighted with blue; and branches containing “bitted-taste receptors” are not highlighted. Node support was estimated with 1000 bootstrap replicates, and bootstrap values were displayed with circles at the branch nodes based on the scale indicated at the top left. Candidate PsauGRs are colored with red letters. The scale bar at the lower right indicates the branch length in proportion to amino acid substitutions per site. Psau, P. saucia; Harm, H. armigera; Bmor, B. mori.




Identification and Phylogenetic Analysis of the Candidate IRs/iGluRs

A total of 24 candidate PsauIRs and 6 PsauiGluRs were identified from the antennal transcriptome (GenBank accession numbers MN602229−MN602258, Supplementary Table S6). Among these candidate genes, full-length ORFs with 3–6 TMDs were identified for 24 IRs/iGluRs, whereas the other 6 IRs/iGluRs were partial sequences (Supplementary Table S5). According to the maximum-likelihood tree of IRs from P. saucia, H. armigera, and D. melanogaster, the putative co-receptors of P. saucia PsauIR8a, PsauIR25a, and Psau76b clustered within the highly conserved co-receptor lineages of DmelIR8a, DmelIR25a, and Dmel76b, respectively. Six iGluRs identified from P. saucia clustered in the large sub-families of the iGluRs clade. We also identified three PsauIRs (PsauIR1.1/1.2/87a) belonging to the “Lepidoptera-specific” subfamilies IR1 and IR87a. Most PsauIRs belong to presumed “antennal IR” orthologs based on tissue expression patterns in insects, except for PsauIR7d.1, PsauIR7d.3, and PsauIR85a, which were in the “divergent IRs” clade (Figure 4).
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FIGURE 4. Maximum-likelihood tree of candidate IRs/iGluRs from P. saucia, B. mori, and D. melanogaster. The tree was rooted by the conservative iGluRs gene orthologs. Branches of IR co-receptors are highlighted with green; branches of the putative ionotropic glutamate receptors (iGluRs) are highlighted with blue; branches of the putative “divergent IRs” are highlighted with yellow; branches of the putative “Lepidoptera-specific IRs (LS-IRs)” are highlighted with purple; branches of the putative “antennal IRs” are not highlighted. Node support was estimated with 1000 bootstrap replicates, and bootstrap values were displayed with circles at the branch nodes based on the scale indicated at the top left. Candidate PsauIRs/iGluRs are colored with red letters. The scale bar at the lower right indicates the branch length in proportion to amino acid substitutions per site. Psau, P. saucia; Dmel, D. melanogaster; Bmor, B. mori.




RT-qPCR Verification of Candidate ORs, GRs, and IRs/iGluRs

To validate and analyze the expression differences of candidate chemosensory receptor genes between male antennae (MA) and female antennae (FA), all candidate chemosensory receptor genes encoding ORs, GRs, and IRs/iGluRs were subjected to RT-qPCR. Expression patterns of the 103 chemoreceptors were basically consistent with the FPKM values in female and male antennae. According to the RT-qPCR results, the expression levels of 23 of the 63 candidate OR genes significantly differed between male and female antennae (P < 0.05). Among these 23 genes, expression levels of PsauORco, PsauOR13, and PsauOR32 were higher in male than in female antennae; 6 OR genes (PsauOR1/4/5/6/7/8) were predominantly expressed in male antennae; and expression levels of 14 OR genes (PsauOR10/20/28/36/38/40/42/44/48/50/52/53/55/58) were higher in female than male antennae. Expression of the other 40 PsauORs did not significantly differ between two sexes (P < 0.05) (Figures 5, 6).
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FIGURE 5. Heat-plot of FPKM values for PsauORs in female antennae (FA) and male antennae (MA). In each box, the FPKM value of each PsauOR gene is indicated. Color scales were established for PsauORs using the conditional formatting option in Excel (red: max. value, yellow: mid. value, and blue: min. value).
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FIGURE 6. Expression patterns of candidate ORs in P. saucia. RT-qPCR analysis was conducted for candidate OR genes in female antennae (FA) and male antennae (MA). (Student’s t-test, error bars indicate standard errors of the means; **P < 0.01; *P < 0.05; n = 3).


Among GR genes, the expression of PsauGR9 was significantly higher in female antennae, whereas the expression of PsauGR10 was significantly higher in male antennae (P < 0.05) (Figures 7, 8).
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FIGURE 7. Heat-plot of FPKM values for PsauGRs in female antennae (FA) and male antennae (MA). In each box, the FPKM value of each PsauGR gene is indicated. Color scales were established for PsauGRs using the conditional formatting option in Excel (red: max. value, yellow: mid. value, and blue: min. value).
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FIGURE 8. Expression patterns of candidate GRs in P. saucia. RT-qPCR analysis was conducted for candidate GR genes in female antennae (FA) and male antennae (MA). (Student’s t-test, error bars indicate standard errors of the means; **P < 0.01; n = 3).


The expression of most PsauIRs/iGluRs did not significantly differ between male and female antennae. However, the expression of 3 IR genes (PsauIR2/60a/68a) was higher in female antennae, and that of 4 IR/iGluR genes (PsauIR75d/75q.2 and PsauiGluR7/8) was higher in male antennae (Figures 9, 10) (P < 0.05).


[image: image]

FIGURE 9. Heat-plot of FPKM values for PsauIRs/iGluRs in female antennae (FA) and male antennae (MA). In each box, the FPKM value of each PsauIR/iGluR gene is indicated. Color scales were established for PsauIRs/iGluRs using the conditional formatting option in Excel (red: max. value, yellow: mid. value, and blue: min. value).
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FIGURE 10. Expression patterns of candidate IRs/iGluRs in P. saucia. RT-qPCR analysis was conducted for candidate IR genes in female antennae (FA) and male antennae (MA). (Student’s t-test, error bars indicate standard errors of the means; **P < 0.01; *P < 0.05; n = 3).




DISCUSSION

In this study, we reported on the sequencing, assembly, and annotation of the antennal transcriptome of the polyphagous crop pest P. saucia. We identified 63 ORs, 10 GRs, 24 IRs, and 6 iGluRs. The number of identified chemoreceptor genes is comparable to that reported for the lepidopteran antennal transcriptomes of Spodoptera littoralis (60 ORs, 17 GRs, and 17 IRs) and Galleria mellonella (46 ORs and 25 IRs) (Walker et al., 2019; Zhao et al., 2019). Of the 103 chemoreceptors reported in the current study, 79.61% (n = 82) have been predicted as complete ORF encoding cDNAs, which provides high confidence in the quality of the transcriptome sequencing.

As the centerpiece of peripheral olfactory reception, ORs are the most important and determine the sensitivity and specificity of odorant reception (Leal, 2013). Genomic studies of the odorant receptors in several moth/butterfly species have reported 71 ORs in B. mori (Wanner et al., 2007), 73 in Manduca sexta (Koenig et al., 2015), 84 in H. armigera (Pearce et al., 2017), 74 in Heliconius melpomene (Dasmahapatra et al., 2012), and 64 in D. plexippus (Zhan et al., 2011). A total of 63 PsauORs were annotated in our research, indicating that we have identified nearly the full repertoire of ORs in this species. Previous research has suggested that ORco may be the most highly expressed ORs in insect antennae (Jones et al., 2005; Sun et al., 2019), and a high expression of ORco was also documented in the current study of P. saucia. According to the FPKM values and the RT-qPCR results, PsauORco had the highest expression levels among all of the annotated ORs in P. saucia antennae. Moreover, PsauORco appeared to be expressed at a higher level in male antennae than in female antennae, which was not in accordance with some previous studies reporting similar expression levels of ORco between males and females (Krieger et al., 2003; Zhang et al., 2010). The skewed expression of ORco in male antennae may reflect a higher degree of sexual dimorphism in the distribution of trichoid sensilla between male and female antennae of P. saucia. Seven PsauORs (PsauOR1/3/4/5/6/7/8) clustered in the moth PR-subfamily (Wanner et al., 2007; Zhang et al., 2015), suggesting that these ORs are putative pheromone receptors specifically functioning in sexual communication. Besides, expression levels of PsauOR1, PsauOR4, PsauOR5, PsauOR6, PsauOR7, and PsauOR8 are much higher in male than in female antennae, suggesting these PsauORs respond to components of female sex pheromones (Inomata et al., 2002; Choi et al., 2009). Other PsauORs, which had relatively low similarities with PRs, may be associated with detection of host plant odors. Those PsauORs with higher expression in female than in male antennae are likely to function in the detection of oviposition-related plant odors. Those PsauORs expressed at similar levels in male and female antennae are likely to function in food source odors perception.

Members of the GR family, which are usually abundant in the gustatory organs of insects, function in perceiving CO2, sugar, bitter substances, and other nutrients (Clyne et al., 2000). We identified 10 GRs in the P. saucia antennal transcriptome. This number is far lower than reported for other lepidopterans. Analyses of the H. armigera genome, for example, revealed a GR family of 197 genes (Xu et al., 2016). The number of GR family genes in another Noctuidae species, S. frugiperda, was 230 (Gouin et al., 2017). The low number of GRs identified in the current study might be explained by the fact that GR genes are mainly expressed in gustatory organs including tarsi, mouthparts, and ovipositors, rather than in antennae. CO2 is important in the foraging and oviposition of phytophagous insects (Guerenstein and Hildebrand, 2008). Specialized receptor cells that detect CO2 are located in the labial palps in lepidopteran adults (Bogner et al., 1986; Ning et al., 2016). In the current study of P. saucia, the expression levels of two identified CO2 GRs (PsauGR2/4) were similar in male and female antennae. Further work is required to define the molecular mechanisms and functional role of CO2 detection in P. saucia.

Five P. saucia GRs (PsauGR3/5/6/8/9) were determined in the clade of putative sugar receptors. Genome analyses and transcriptome sequencing have been used to characterize the repertoires of this highly conserved GR sub-family in a number of lepidopteran species. For example, five receptors for sugar-compounds were reported in S. littoralis and B. mori (Wanner and Robertson, 2008; Walker et al., 2019), and seven were reported in H. armigera (Xu et al., 2017). Although excellent progress has been made in understanding the role of the insect GR family in taste perception, most research has involved the model organism D. melanogaster. However, members from the fructose sub-family have been well-studied in moth species, such as HarmGR9 in H. armigera (Jiang et al., 2015) and BmorGR9 in B. mori (Sato et al., 2011). They have been shown to be responsive to fructose in heterologous experiment. We identified a GR gene (PsauGR1) that clusters with other fructose-receptors in this clade. Expression of PsauGR1 was detected in both male and female antennae, and the amino acid identities of PsauGR1 with BmorGR9 and HarmGR9 were 64 and 90%, respectively, suggesting that PsauGR1 might be responsible for antennal fructose detection.

The sub-family of “bitter receptors” mainly participates in the perception of the large variety of secondary plant chemicals that caterpillars and moths encounter (Wanner and Robertson, 2008). Recent transcriptomic and genomic data from moth species have suggested that the expansion in the bitter-taste GR family may be functionally related to the behavior of polyphagous moths (Xu et al., 2016; Gouin et al., 2017). Because P. saucia is highly polyphagous, identification and characterization of putative bitter-taste GRs in other taste organs of P. saucia are still necessary.

Another type of chemosensory receptor, IR, is a conserved family that functions in the detection of acids, amines, aldehydes, sex pheromones, and also in gustation, thermosensation, and hygrosensation (Benton et al., 2009). Based on antennal transcriptome sequencing, we identified 24 IRs and 6 iGluRs in P. saucia. The putative IR co-receptors (PsauIR8a, PsauIR25a, and PsauIR76b) displayed higher expression than other IRs, which was consistent with other studies (Du et al., 2018; Walker et al., 2019; Zhao et al., 2019). According to the phylogenetic tree, six putative PsauiGluRs clustered with D. melanogaster and H. armigera iGluRs. In addition, IR members of the “Lepidoptera-specific” subfamilies (IR1 and IR87a) also occur in P. saucia. Although “divergent IRs” were reported as the largest sub-group in D. melanogaster (Croset et al., 2010), we only found three such ionotropic receptors in P. saucia antennae. In contrast, we found 15 PsauIRs in the “antennal IRs” subgroup. This difference can probably be explained by the fact that that we annotated IRs from antennae but not from other olfactory or gustatory tissues. Based on RT-qPCR results, PsauIR2, PsauIR60a, PsauIR68a, PsauIR75d, PsauIR75q.2, PsauiGluR7, and PsauiGluR8 were expressed more in male than female antennae or vice versa. We speculate that these receptors may be involved in the perception of sex-related pheromones or other olfactory/contact compounds.

In summary, we used Illumina sequencing to analyze the transcriptomes of antennae of the variegated cutworm P. saucia. We annotated 63 ORs, 10 GRs, 24 IRs, and 6 iGluRs. We then used RT-qPCR to compare the expression of these genes in male and female antennae. The results provide a foundation for future research on the chemosensory system of P. saucia at the molecular level, and should also facilitate the study of molecular mechanisms and evolution of chemosensation in other Noctuidae species.
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19,167 (24.25%)
11,342 (14.35%)
7,093 (8.97%)
7,308 (9.24%)
79,040
61,110,725
1,711
773.16
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