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Insects and plants that provide them with foods have coexisted for several hundred million years, which leads to various defense approaches and insect-feeding strategies. The host plant provides insects with food sources, shelter materials, and oviposition sites for phytophagous insects. However, they need to find the most suitable host plants in complicated plant communities. The antenna is the main sensory organ of insects, housing different types of sensilla dedicated to detecting chemical cues, motion, humidity, and temperature. Phytophagous insects with different diets may possess various adaptations in their olfactory system. We selected three species of slug moth (Narosoideus flavidorsalis, Chalcoscelides castaneipars, and Setora postornata) with different diet breadths to detect the structural diversity of antennal sensilla using the scanning electron microscope. A total of nine types of sensilla were identified in these three species, in which two types of sensilla (sensilla uniporous peg and sensilla furcatea) were the first found and reported in Limacodidae. By comparing the number of sensilla types, there was a trend of gradually decreasing the number of sensory types with the gradual expansion of feeding habitats. To better understand the vital roles of olfactory proteins in localizing host plants, we investigated the chemosensory proteins in the antennal transcriptomes of N. flavidorsalis and S. postornata. However, there was no significant correlation between the number of olfactory genes and the increase of antennal sensilla types. Combining antennal morphology, transcriptome analysis, and the prediction of suitable areas, we better understood the olfactory systems with different feeding preferences, which will provide new prospects for plant–insect interactions and population control methods.
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INTRODUCTION

Phytophagous insects rely on the plants as the food sources and shelter materials to support larval performance and survival (Lill et al., 2006). However, the host plant provides caterpillars with nutrients and challenges in defensive chemistry (Mithöfer and Boland, 2012; Checker and Sharma, 2021). Herbivorous insects need to distinguish suitable and unsuitable feeding habitats in complex plant communities (Checker and Sharma, 2021). They have evolved a variety of strategies to cope with sophisticated environments (Stanton, 1983). Diet breadth, ranging from narrow to quite comprehensive, has an important influence on the adaptations to the host plant’s defense mechanisms and the exploitation of host recognition (Harris et al., 2003). Consequently, herbivores display various degrees of specificity in their use of plants ranging from strict monophagy to broad polyphagy (Levins and MacArthur, 1969; Thompson, 1998). Mono- and oligophagous insects can adopt only one or a few closely related plant species as their feeding habitats, which allows elaborate adaptations to the plant defense responses (Petschenka and Agrawal, 2015, 2016) and host plant search behaviors (Ahmad, 2012). On the other hand, polyphagous herbivores showed apparent advantages in the face of complex environments where the composition of plant communities had characteristics of temporal and spatial variation in an unpredictable way (Milne and Walter, 2000). However, phytophagous insects have to pay more to adapt to multiple plants, such as withstand various plant secondary metabolites and the cost of mispairing (Cates, 1981; Hunter and McNeil, 1997).

In the evolution of lepidoptera, the specialized feeding behavior evolved into a more general tendency instead of generalization (Bernays, 1997). Rank et al. (1996) further explained this phenomenon from the ecological perspective, which mainly includes three aspects: cost of generalist hypothesis, interspecific competition hypothesis, and predation hypothesis; Nevertheless, a more persuasive explanation is the intense pressure of predators that makes it possible for insects to have more developed nervous systems and sensory functions, thus making it possible to select the specific host plants (Bernays, 1997; Lill et al., 2006). The preference of insects to host plant depends on the acute senses of insects, which include sight, smell, taste, and touch (Salgado and Saastamoinen, 2019). This means that the phytophagous insects can accurately identify the secondary metabolites, which can be detoxified, with their olfactory systems (Visser, 1988; Bruce and Pickett, 2011). Lepidoptera, comprising about 180,000 described species, is the second-largest order of insects; the majority (99%) are phytophagous (Perveen, 2017; Lancaster, 2020). Sensory structure on the antennae of lepidopteran plays a vital role in insect various behaviors, such as orientation, host location, feeding, mating, and identifying oviposition sites (Schneider, 1964; Jaffar-Bandjee et al., 2020). The sensilla are the basic structural and functional unit of insect sensory systems (Schneider, 1964; Chapman, 1998). Given that most of the lepidopterans are herbivores, the studies of the antennal sensilla based on the morphology and molecular levels could provide new prospects for feeding differentiations of lepidopteran insects (Schneider, 1964; Hansson, 1995; Weller et al., 1999).

Within the Lepidoptera, the slug moth family Limacodidae is a part of a monophyletic clade in the superfamily Zygaenoidea (van Nieukerken et al., 2011). Caterpillars in Limacodidae were noted for their colorful and elaborate morphologies, which include aposematic coloration, stinging setae, and spines, which have intrigued researchers for the decades (Lill et al., 2006; Murphy et al., 2010). The larvae of Limacodidae are critical economic pests distributed throughout the world, and they are mainly harmful to fruit and forest trees (Conant et al., 2002). Nonetheless, different species display various degrees of specificity in their use of plants as oviposition substrates and feeding habitats ranging from strict monophagy to broad polyphagy (Duke, 2002). At present, there are scarce studies on the divergences of slug moths (Lin et al., 2019; Bian et al., 2020; Walker et al., 2021). This study selected three species with different diet breadths to conduct the studies on olfactory structures and olfactory-related genes. Narosoideus flavidorsalis (Staudinger, 1887) is a typical monophagous species whose host plant is the pear trees, and Chalcoscelides castaneipars (Moore, 1866) belong to oligophagous herbivores, whose main host plants are Araliaceae and Lauraceae. The last one was Setora postornata (Hampson 1900), a generalist caterpillar feeding on various tree species (e.g., Salicaceae, Rosaceae, Sterculiaceae, Magnoliaceae, Ginkgoaceae, etc.) (Wu, 2010). Using several mitochondrial genes from 35 species of slug moth, we reconstructed the phylogenetic relationships of Limacodidae (unpublished data), and the results showed that the three species had relatively close genetic relationship. Since different types of sensilla recognize different types of information (such as mechanical signals, temperature and humidity changes, and sex pheromones), feeding differentiation may have been associated with the modifications of sensilla morphology or alterations in the relative abundance of sensilla types (Kaupp, 2010). To investigate this, we describe and compare the antennal morphology and sensilla structures of these three moth species that represent different host plant preferences. Nevertheless, the chemical signals entering the sensilla lumen through the sensilla pores are the first step in olfactory recognition processes (Vieira and Rozas, 2011). The sensilla lymph was secreted by non-neuronal support cells. It contained a variety of proteins, which includes the odorant-binding proteins (OBPs) and chemosensory proteins (CSPs), which were highly efficient at recognizing and binding chemical signals (Steinbrecht, 1998). In the Insecta, there are three different types of chemosensory receptors, and the odorant (OR), the gustatory (GR), and the ionotropic (IR) receptors were activated accompanied by the diffusion of odor molecules through the lymph (Sánchez-Gracia et al., 2009; Kaupp, 2010). Although these molecules’ full range of functions has not been well established, there is increasing evidence of their importance in chemosensory perception (Tanaka et al., 2009; Bengtsson et al., 2014). Recently, the studies on antennal transcriptomes have led to the identification of olfactory-related genes in several moth species (Yuvaraj et al., 2018; Yang et al., 2020; Jiang et al., 2021), which showed the power of transcriptomic strategies for detecting the high sequence diversity of olfaction-related genes. However, few comparisons were performed between moths’ olfactory genes of different feeding habitats. In this study, we assembled and analyzed the antennal transcriptomes of N. flavidorsalis and S. postornata, two relatively close relatives, using next-generation sequencing. We report the Gene Ontology (GO) annotation results and sets of putative OBPs, CSPs, sensory neuron membrane proteins (SNMPs), ORs, and IRs in these two species. The studies of the molecular mechanisms of the olfactory system could provide new prospects for host plants’ selection of herbivorous insects.



MATERIALS AND METHODS


Insect Rearing and Antenna Collection

A total of three species used in this study, N. flavidorsalis, C. castaneipars, and S. postornata, were collected from the coniferous and broad-leaved mixed forest by light trapping in Mt Tiantong, Zhejiang Province, China (29°49′N, 121°48′E) (Supplementary Figure 1). A number of five male and five female moths were segregated into different cages (40 cm × 40 cm × 60 cm) containing 10% (w/v) sugar solution until the use for microscopy. Antennae from other males and females were excised and stored in RNAlater (Ambion, Austin, TX, United States). Then, all samples were taken back indoors and held at –80°C until RNA isolation. The specimens were identified by Prof. Chun-sheng Wu (Institute of Zoology, Chinese Academy of Sciences, China), and DNA barcoding was also used in species identification. Their voucher specimens are preserved at the Entomological Museum of Capital Normal University, China, and the number was Lep/Lim/191027 to Lep_Lim_191119.



Specimen Preparing for Scanning Electron Microscopy

The adults of the slug moth were first anesthetized by freezing at −20°C for 5 min. Antennae were then dissected and immersed in a freshly prepared fixative solution containing 2% paraformaldehyde and 2.5% glutaraldehyde mixed with a phosphate-buffered solution (PBS) (pH 7.4) for 24 h at 4°C. The antennae were kept at 10% KOH at 80°C for 30 min to remove the scales. Subsequently, the antennae were dehydrated using a graded ethanol series (30, 50, 70, 80, 90, 95, and 100%) followed by the critical-point drying (Leica EM CPD 030, Tokyo, Japan). The dried specimens were carefully glued onto SEM stubs and sputter-coated with gold (Eiko IB-5 Ion Coater, Tokyo, Japan; 45 s, 20 mA). The preparations were examined using a Hitachi SU-8010 cold field emission scanning electron microscope (Japan) under 3 kV voltage.



Statistical Analysis

Given that different terminological terms based on the morphological characters have been used on the antennal sensilla of Lepidoptera, this study primarily followed the study of Schneider (1964) and Jefferson et al. (1970). The antennal sensilla of N. flavidorsalis, C. castaneipars, and S. postornata were identified, counted, and measured according to the previous measurement method (Onagbola and Fadamiro, 2008; Ivanov and Melnitsky, 2016). Means were based on the measurements (μm) from at least 20 photomicrographs of individual sensilla of the identical type. The types and abundance of sensilla were compared between species and genders and analyzed with the two-way ANOVA with R. The level of significance in all tests was set at 0.05.



cDNA Library Construction and Illumina Sequencing

Narosoideus flavidorsalis and S. postornata were selected for antennal transcriptome analysis. Total RNA was extracted from twelve adults’ antennae from each species using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) and the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. RNA quantity and purity were checked using the NanoDrop 8000 (Thermo, Waltham, MA, United States). A total amount of 3 μg RNA per sample was used for cDNA library construction. All samples had RIN values above 8. The RNA integrity was assessed using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, United States). The cDNA library construction and subsequent Illumina sequencing of samples were performed at Novogene Corporation (Beijing, China). The cDNA libraries were generated using the TruSeq RNA Sample Preparation Kit (Illumina, San Diego, CA, United States). Random hexamer primers were used to synthesize the first-strand cDNA, then synthesizing the second-strand cDNA using buffer, dNTPs, RNase H, and DNA polymerase I at 16°C for 1 h. The remaining overhangs were converted into blunt ends via exonuclease or polymerase activities and removed the enzymes. After end repair, A-tailing, and the ligation of adaptors, the products were amplified by PCR and quantified precisely using the Qubit DNA Br Assay Kit (Q10211; Invitrogen, Carlsbad, CA, United States). The library fragments were purified using the MinElute Gel Extraction Kit (Qiagen, Hilden, Germany). The resulting cDNA library preparations were then sequenced on an Illumina HiSeq-2000 platform. The quality of the sequences generated from the PE 200 bp, and all mate-pair libraries were assessed using FastQC (Brown et al., 2017).



De novo Assembly and Functional Annotation

To ensure the accuracy of sequence assembly, the clean data were obtained from raw reads through the following steps: filtered out the reads with adapters, deleted the reads with uncertain bases more than 10%, then removed low-quality (the bases with sequencing error rates greater than 1% are more than 50% in the read) and adaptor sequences by Trimmomatic1. At the same time, the Q20, Q30, GC-content, and other related information of the clean data were calculated. All downstream analyses were based on the clean data with high-quality reads. Transcriptome assembly was carried out with program trinity, in which all the parameters were set to their defaults (Grabherr et al., 2011). The transcripts longer than 200 bp were performed by NCBI BLASTx searches to databases (Nr, Pfam, Swissprot, KOG, and KEGG); the given transcripts were functionally annotated as the retrieving proteins or nucleic acid with the highest sequence similarity. The blast results were then imported into the Blast2GO pipeline2 for GO annotation (Conesa et al., 2005; Götz et al., 2008).



Sequences and Phylogenetic Analyses

All candidate chemosensory genes (OBPs, CSPs, SNMPs, ORs, GRs, and IRs) in N. flavidorsalis and S. postornata and their open reading frames (ORFs) were manually verified by BLASTx searches against custom-made databases and the non-redundant nucleotide collection at NCBI. The ORFs were identified, and the annotation was confirmed by the additional BLAST searches3. Transmembrane domains of ORs, IRs, and GRs were predicted using the default parameter of TMHMM2.0 and TMPred, and the N-terminal signal peptide of the candidates, OBPs and CSPs, was predicted by SignalP4.0 (Quevillon et al., 2005).

For further verification of the candidate chemosensory genes and identification of orthologs, phylogenetic analyses were conducted among two slug moths and other related Lepidoptera species, such as Bombyx mori, Helicoverpa armigera, and Holcocerus hippophaecolus. The available amino acid sequences of chemosensory genes identified in these species were downloaded manually. Maximum likelihood trees were reconstructed using the predicted OR, IR, OBP, CSP, and SNMP protein sequences and orthologs in other species of Lepidoptera and model insects (Drosophila melanogaster) to analyze the characteristics of olfactory genes in two species of family Limacodidae.

Amino acid sequences were aligned with MAFFT (version 7.308) (Katoh and Standley, 2013), and the corresponding maximum-likelihood trees were constructed in IQ-TREE (version 2.1.7) using best-fitting substitution model (GTR + I + G) (Trifinopoulos et al., 2016). The tree structure and node support reliability were evaluated by the bootstrap analysis with 1,000 replicates. The phylogenetic trees were colored and arranged in FigTree (version 1.4.2)4.



Prediction of Suitable Areas With Ecological Niche Modeling

Ecological niche modeling (ENM), a widely accepted method to visualize the distribution patterns (Peterson and Soberón, 2012), was adopted to compare the area of suitable optimal habitats of N. flavidorsalis and S. postornata. Meanwhile, the habitat suitability of the host plants of these two species was also predicted. Pyrus sorotina was selected as the dominant host plant of N. flavidorsalis. A number of three plants, Juglans regia, Populus simonii, and Camellia sinensis, were chosen as representative host plants of euryphagous S. postornata. The occurrence records for niche modeling analysis were collected from the online dataset Global Biodiversity Information Facility (GBIF) and published documents. The present bioclimatic variables were downloaded from the WordClim website5. The maximum entropy (MaxEnt) approach was employed to predict the species distribution using the ENMTools version 1.0.4 package in the R platform with MaxEnt.jar version 3.4.4 (Warren and Seifert, 2011). A combination of six MaxEnt feature classes [linear (L), linear quadratic (LQ), hinge (H), linear quadratic hinge (LQH), linear quadratic hinge product (LQHP), and linear quadratic hinge product threshold (LQHPT)] was tested to optimize model parameters for the calibration. We trained that the MaxEnt models were trained with the sub-sample method, in which 1/3 of the presence points were set aside for model testing evaluation. The model was trained by replicating each model ten times, and the final output used was the average of all runs. We selected the model with a combination of feature classes and the regularization multiplier that had the lowest akaike information criterion (AICc) value, which could describe the model fit and complexity (Shin et al., 2021).




RESULTS


General Antennae Morphology

The antennae structure of the three species is broadly in line with other lepidopteran insects, which consisted of a scape, a pedicel, and a flagellum. Based on the antennal data from male samples, there was no significant difference in the pedicel and total antennae length among the three species, but only in the side-branches size (Table 1). There was no significant difference in antennae length among the three female species, similar to the male data. Still, a significant difference was detected in the length and width of flagellomeres among the three species (Table 2). The antennae of all three species bear a pair of sexual dimorphic antennae, the female ones were filiform, and the male ones were bipectinate (Supplementary Figure 2). The number of flagellomeres of these three species was different, which was consistent with the difference in antennae length. Meanwhile, the number of flagellomeres of the males was slightly more than that of the females (Supplementary Table 1).


TABLE 1. Morphological measurements (mean ± SE, μm) of three parts of antenna in three species of male Limacodidae moths.
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TABLE 2. Morphological measurements (mean ± SE, μm) of three parts of antenna in three species of female Limacodidae moths.
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Sensilla Types on the Antennae

A total of nine types of sensilla were identified on the antennae of three slug moths, in which five types each having two types of sensilla: sensilla chaetica (SCh I, SCh II), Böhm’s bristles (BB I, BB II), sensilla styloconica (SSt I, SSt II), sensilla coeloconica (SCo I, SCo II), and sensilla furcatea (SFu I, SFu II). In these types of sensilla, SB, SSq, and SCo I were detected only in N. flavidorsalis, while SCh II and SFu II were detected only in S. postornata. In general, N. flavidorsalis has more types of sensilla than the other two species (Table 3).


TABLE 3. The distribution of nine types of antennal sensilla among three Limacodidae species.

[image: Table 3]
Sensilla Trichoderma (STr) was the most widespread sensilla in the three species, densely distributed on the ventral side of the flagellum spindle and lateral branches of both male and female antennae. The surface facial structure of STr among the three species was different: N. flavidorsalis was irregular, and the others were arranged in an oblique line (Supplementary Figure 3). Sensilla basiconica (SB) is located vertically in a shallow pit with a wrinkled proximal base (Supplementary Figure 4). SCh mainly found on the end of the antennal axis and lateral branches. Two subtypes of SCh (I and II) were identified based on the pattern of these grooves: SCh I were longitudinally striated from base to the end, while in SCh II, the grooves of the stripe gradually changed from longitudinal line to the imbricated texture (Figure 1). BB sensilla, which were found in clusters at the bases of the scape and pedicel, were quite long with a smooth surface and sharp end. The difference between the BB I and BB II was whether the end of the bristles was bifurcated or not (Figure 1). Sensilla squamiformia (SSq) was similar to the antennae scale structure, with no porous structure and conspicuous longitudinal stripes (Supplementary Figure 5). SSt with a terminal conical protrusion (without a pore) were on the surface of a decorative pattern of a cylindrical protrusion from the antennal surface. The two subtypes were found based on their structure: SSt I has a long columnar and a small cone, and SSt II has a short columnar with a longer conical body (Supplementary Figure 6). SCo were irregularly scattered on the surface of the flagellum, which consists of multiple longitudinal grooves and no stoma distribution. It can be divided into two subtypes according to whether the base is in the circular cavity of the epidermal bulge: SCo I was covered by the socket at the bottom, and SCo II was wholly exposed at the base (Figure 2). The sensilla uniporous peg (SUp) base was stuck into the convex epidermal with a smooth surface; the top was blunt and perforated (Figure 1). The SFu gradually narrowed from the base to the end and bifurcated at the end. There were two subtypes in S. postornata. The SFu II generally had longer poles and shorter bifurcation than SFu I (Supplementary Figure 7).
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FIGURE 1. Different types of sensilla in three species of Limacodidae by SEM. (A–F) Sensilla chaetica, (A,B) SCh I of N. flavidorsalis; (C,D) SCh I of C. castaneipars; (E,F) SCh II of S. postornata; (G–K) Böhm’s bristles, (G) BB I of N. flavidorsalis, (H) BB II of N. flavidorsalis, (I) BB I of C. castaneipars, (J) BB I of S. postornata, (K) BB II of S. postornata; (L–O) Sensilla coeloclnica, (L) SCo I of N. flavidorsalis, (M) SCo II of N. flavidorsalis, (N) SCo II of C. castaneipars; (O) SCo II of S. postornata. (P–R) Sensilla uniporous peg, (P) N. flavidorsalis; (Q) C. castaneipars; (R) S. postornata. The arrow points to the hole at the tip of the sensilla.
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FIGURE 2. Maximum-likelihood phylogenetic tree based on protein sequences of candidate odorant receptors (ORs) (A), ionotropic receptors (IRs) (B), and gustatory receptors (GRs) (C). (A) The ML phylogenetic analysis of ORs of N. flavidorsalis (Nfla OR, green) and S. postornata (Spos OR red) were performed with reference ORs of D. melanogaster (Dmel OR, yellow) and ORs of Lepidoptera species (black). The orange arch refers to PR lineage, and the blue arch refers to ORco. (B) The ML phylogenetic analysis of IRs of N. flavidorsalis (Nfla IR, green) and S. postornata (Spos IR red) were performed with reference ORs of D. melanogaster (Dmel IR, yellow) and IRs of Lepidoptera species (black). (C) The ML phylogenetic analysis of GRs of N. flavidorsalis (Nfla GR, green) and S. postornata (Spos GR, red) were performed with reference GRs of D. melanogaster (Dmel IR, yellow) and GRs of Lepidoptera species (black). The stability of the nodes was assessed by bootstrap analysis with 1000 replications, and only bootstrap values ≥ 0.6 are shown at the corresponding nodes.




Morphological Measurements of Sensilla

There were significant differences in several sensilla types between female S. postornata and female N. flavidorsalis, which includes sensilla trichoidea, sensilla coeloclnica (SCo), SSt, BB. The differences between species C. castaneipars and the other two species were not noticeable. There was no significant difference of SCh I among species, but there was a considerable difference in sensilla length among species and sex; the sensilla from females is significantly longer than males (Table 4). The morphological differences of sensilla among species were mainly reflected in females. There were significant differences in the length of sensilla BB I between S. postornata and the other two species, which was significantly longer than others in females (Table 4). There were significant differences in the SstI between the female S. postornata and the other female samples, such as the length, basal width, and the size of conical extremist of sensilla (Table 4).


TABLE 4. Morphological measurements of different types of antennal sensilla in three species of Limacodidae (Mean ± SE) (N = 20).
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Transcriptome Assembly

The transcriptomic sequence data were generated using the antenna cDNA library and illumina HiSeq2500 sequencing platform. A total of 76,763,082 and 101,749,890 raw reads were obtained from N. flavidorsalis and S. postornata, respectively. After removing adaptor sequences, low-quality sequences, and N-containing sequences, approximately 73.3 million and 99.0 million clean reads were retained. The assembly of all clean reads together led to the generation of 148,264 and 198,318 unigenes (Table 5). The clean reads for N. flavidorsalis and S. postornata. have been deposited in the NCBI SRA database under the accession numbers SRR15330236 and SRR15330240.


TABLE 5. An overview of the sequencing and assembly process (after trinity).
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Functional Annotation of Unigenes

We used the unigenes assembled in the transcriptome as the queries in BLASTx searches of the GO database, and 11,543 unigenes of N. flavidorsalis and 15,902 unigenes of S. postornata were annotated. All of the unigenes were divided into three categories: molecular function, cellular component, or biological process according to the biological processes and functional annotations. GO annotation indicated that the antennal transcriptomes of these two species were highly similar concerning GO terms (Supplementary Figure 8). In the biological process terms, single-organism, cellular, and metabolic occupied the majority of both differentially expressed unigenes. Cell and cell parts were the most abundant for all unigenes in the cellular component terms. In the molecular function category, catalytic activity, binding, and transporter activity had huge preponderance; however, unigenes in “signal transducer activity” and “chemoattractant activity” were also present (Supplementary Figure 8).



Identification of Putative Genes Related to Transporting Odorant Molecules

There were more putative OBPs identified in S. postornata than in N. flavidorsalis; however, the numbers of putative CSPs and SNMPs have no significant difference between these two species. A number of fourteen and eighteen OBPs, including common odor-binding protein (GOBPs) and sex pheromone-binding protein (PBPs), were identified in the antennae transcriptome of N. flavidorsalis and S. postornata, separately. The sequence identities of the OBPs with other lepidopteran insects ranged from 40 to 92% in the NCBI database (Supplementary Table 2). A phylogenetic tree of the OBPs was constructed based on the orthologs from Drosophila melanogaster (Dmel) and the three lepidopteran species, which are Bombyx mori (Bmor), Helicoverpa armigera (Harm), and Lobesia botrana (Lbot) (Figure 3A). The phylogenetic analysis demonstrated that the lepidopteran PBP and GOBP sequences were highly conserved and clustered into three lineage-specific clades according to their different functions. Meanwhile, other OBPs showed an extremely divergent trend. There were two GOBPs (Spos_OBP15 and Spos_OBP16) and one PBP (Spos_OBP18) identified in S. postornata, while only one GOBP (Nfla_OBP10) was detected in N. flavidorsalis. In each Limacodidae species, 14 unigenes were identified as CSP genes (Supplementary Table 3). All CSPs shared high sequence identities to known lepidopteran CSPs with an average of 67% identity. Of the 14 unigenes in N. flavidorsalis, 12 contained full-length ORFs encoding 107–152 amino acid residues. Unlike N. flavidorsalis, 9 out of 14 unigenes containing full-length ORFS were detected in S. postornata. A phylogenetic tree of the CSP was constructed based on the orthologs from D. melanogaster (Dmel), Helicoverpa armigera (Harm), B. mori (Bmor), and Eogystia hippophaecolus (Ehip). The amino acid identities between the orthologous CSPs in the two moths were relatively high, and most of the CSPs appeared in pairs on the dendrogram (Figure 3B). Only four SNMPs (3 with complete ORFs) were identified in N. flavidorsalis. In addition, five SNMPs were detected in S. postornata, but only one with complete ORF (Supplementary Table 4). As expected, SNMPs were clustered into two branches with other SNMP1 and SNMP2 orthologs from other lepidopteron (Supplementary Figure 9).
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FIGURE 3. Maximum-likelihood phylogenetic tree based on protein sequences of candidate odorant-binding proteins (OBPs) (A) and chemosensory proteins (CSPs) (B). (A) The ML phylogenetic analysis of OBPs of N. flavidorsalis (Nfla OBP, green) and S. postornata (Spos OBP, red) were performed with reference OBPs of D. melanogaster (Dmel OBP, yellow) and OBPs of Lepidoptera species (black). The orange arch refers to PBP/GOBP lineage, and the blue arch refers to PEP. (B) The ML phylogenetic analysis of OBPs of N. flavidorsalis (Nfla CSP, green) and S. postornata (Spos CSP, red) were performed with reference CSPs of D. melanogaster (Dmel CSP, yellow) and CSPs of Lepidoptera species (black). The stability of the nodes was assessed by bootstrap analysis with 1000 replications, and only bootstrap values ≥ 0.6 are shown at the corresponding nodes.




Identification of Putative Receptor-Encoding Genes

Unlike the results of OBPs, more ORs and IRs were detected in N. flavidorsalis than in S. postornata. We identified transcripts encoding 76 putative ORs in N. flavidorsalis, among which 33 likely represented full-length genes. In S. postornata, we identified 61 candidate OR genes comprising 32 full-length genes (Supplementary Table 5). Sex pheromone receptors (PRs) and co-receptor (ORco) were marked with orange and blue lines in the phylogenetic tree (Figure 2), in which both contain members from Lepidoptera and Drosophila (Dmel). This result shows that 15 putative PR genes of S. postornata were clustered into the PR subfamily and one into the ORco subfamily. Meanwhile, 27 putative PR genes and 1 putative ORco genes of N. flavidorsalis were assigned to PR and ORco subfamilies, respectively. The phylogenetic analysis showed a separate branch of Lepidoptera in OR, and the genes of PR and ORco subfamilies were relatively conservative (Figure 2A).

Ionotropic gene family prediction results showed that there were 27 members in the IR family of N. flavidorsalis, among which 17 genes were full length (the length of ORF ranged from 137 to 1,057 aa), while there were 22 members of S. postornata, in which there were 10 with full length (the size of ORF ranged from 107 to 1,059 aa) (Supplementary Table 6). In the phylogenetic tree reconstructed with IR genes, the 16 IR gene member clusters were marked with different colors. The putative IRs in N. flavidorsalis were clustered into 11 known branches, while the putative IRs in S. postornata were classified into 13 branches. Meanwhile, other IR members from these two species were clustered together, which indicated that the IR family was highly conservative (Figure 2B).

Family branches were classified and labeled according to the functions identified by the previous studies (Jiang et al., 2015; Hu et al., 2016; Xu et al., 2016). For example, bMOR_GR7-9, BMOR_66-67 were sugar receptors, Harm_GR9 and 13 were GR_43a receptor (fructose receptor), Dmel_28a and Dmel_32 were bitter receptors, Dmel_64a and Dmel_64F were carbohydrate receptors, and Harm_1 ∼ 3 were CO2 receptors. Spos_GR1, Spos_GR6, Spos_GR8, Spos_GR9, Nfla_GR2, Nfla_GR7, and Nfla_GR10 were clustered to CO2 receptor branches, while Spos_GR4 and Spos_GR5 were clustered to GR43a (Figure 2C and Supplementary Table 7). These results showed that the evolution of different taste receptors was relatively conservative, while neither bitter receptor nor sugar receptor was found in the two species.



Suitable Habitat Distribution of Two Moths and Their Host Plants

The results of ENM showed areas suitable and unsuitable for the monophagous N. flavidorsalis and polyphagous S. postornata and the area of low to high habitat suitability for the corresponding host plants (Figure 4). The MaxEnt models using several feature classes (L, LQ, H, LQH, LQHP, and LQHPT) determine how predictor variables are transformed for each species or species combination. Based on the value of AUCDIFF and delta AICc, the LQHPT was chosen as the best model. Generally, the suitable distribution area of the S. postornata was much larger than that of the N. flavidorsalis, which were remarkably consistent with the known distribution of these two species. Meanwhile, the suitable habitat distribution of N. flavidorsalis was uniform with the area of high suitability of its host plants, which indicated that the sympatric distribution of herbivorous insects and their host plants was obvious.


[image: image]

FIGURE 4. Potential suitable distribution ranges of two slug moths (N. flavidorsalis, A; S. postornata, B), and their host plants predicted using climate as predictive factors in MaxEnt. (A) Potential distribution ranges of N. flavidorsalis in China; (B) potential distribution ranges of Pyrus sorotina, which is the host plant of N. flavidorsalis; (C) potential distribution ranges of S. postornata in China; (D) potential distribution ranges of three plants, Juglans regia, Populus simonii, and Camellia sinensis, which were selected as representative host plants of S. postornata.





DISCUSSION

Phytophagous insects rely on plant vegetative tissues as a food source to support larval development. Diet breadth, ranging from monophagy to polyphagy, plays significant roles in adapting to the host’s defense mechanisms (s) and the exploitation of host-recognition cues. In this study, sensilla on the male and female antennae of three species of slug moths with significantly feeding habits differentiation were examined using a scanning electron microscope. Generally, the antennae of the three species are the same in shape and structure in the same gender. There were identified a total of nine types of sensilla. The two types of sensilla, SUp and SFu, had not been found in the previous studies of the slug moth Monema flavescens and Iragoides fasciata (Huang et al., 2012; Yang et al., 2017). This study is the first report on these two types of sensilla in species of Limacodidae. There are five types of sensilla observed with two subtypes (SCh, BB, SSt, SCo, and SFu), in which BB II and SFu II were not found in Limacodidae based on the previous studies. This phenomenon suggested that sensilla differentiation was related to adaptability to the environments.

Compared to the other two species, SB and SSq were only found in N. flavidorsalis. The SSq belonged to the mechanical sensilla and was related to the buffering gravity during flight (McIver, 1975; Sun et al., 2011). Moreover, both subtypes of SCo were detected in N. flavidorsalis, mostly thought to be related to sensing fluctuations in temperature and humidity (Yokohari et al., 1982). By comparing the number of sensillum types in the three herbivorous species, there was a trend of gradually decreasing the number of sensory types with the gradual expansion of feeding habitats. We speculated that the evolution of diverse sensillum types was more advantageous for detecting specific hosts based on this phenomenon. Thus, it was possible to find single hosts more accurately (Jermy, 1984; Agosta, 2006; Dermauw et al., 2018). In contrast, euryphagous insects tend to perceive only the odor molecules prevalent in multiple hosts, while a small variety of the sensillum types were needed (Zwölfer, 1982; Jermy, 1988). The antennal sensilla samples of superfamily Noctuoidea, which were studied more recently, were selected and compared to verify the speculation further (Wang et al., 2002, 2015; Jin et al., 2008; Seada, 2015). The results showed more sensilla types in omnivorous species than in oligophagous ones (Supplementary Table 6).

Meanwhile, the size and number of sensillum types of N. flavidorsalis and S. postornata differed. By comparing the antennal sensilla of these two species, the results showed that oligophagous insects have relatively more abundant sensillum types than polyphagous one. For example, SB, SSq, and SCo I were detected only in N. flavidorsalis, while SCo II and SFu II were detected only in S. postornata. Among them, SB belongs to mechanoreceptor, while SB has the function of receptor pheromone. Moreover, the diameter and length of the base of SCh, SCo I, SSt I, and SFu I of N. flavidorsalis were all large and more than S. postornata. This phenomenon might be related to the species specificity and may also be related to the diet range, which needs further research. The external morphology of the antennal sensilla was examined using scanning electron microscopy, which could provide a better understanding of the mechanisms of insect–insect and insect–plant chemical communications. At present, the researchers are mainly focused on the taxonomy classification and phylogeny analysis (Tan et al., 2012; Wang et al., 2018), and the comparative studies with different feeding preferences were limited. However, our results are limited to quite a few species in Limacodidae, and further exploration should be carried out in more species and combined with electrophysiological methods.

Although most of the researches related to the olfactory system of Lepidoptera have proceeded, less is known about the olfactory mechanisms of slug moth (family Limacodidae), which are severe pests of cash crops and harmful to human health (Lin et al., 2019; Plata-Rueda et al., 2020). To better understand the vital role of olfactory proteins in localizing host plants, we investigated CSPs in the antennal transcriptomes of N. flavidorsalis and S. postornata using next-generation sequencing technology. The number of ORs and IRs family members of N. flavidorsalis was slightly higher than that of S. postornata. OBPs were considered the first gate in the odorant recognition process, especially for hydrophobic odors; they bind and transport odors, which includes pheromones and plant volatiles, across the lymph in the sensillum (Krieger and Breer, 1999). We identified 14 and 18 putative OBPs, respectively, of which we studied the expression of nine in antennae and other chemosensory tissues. In the dendrogram of OBPs, the PBP lineages and GOBP lineage comprised the PBP/GOBP complex, which supports the monophyletic of PBP/GOBP and PBP with more dynamic evolution than GOBP (Steinbrecht et al., 1995). The differences in the total number of putative OBP genes could be potentially attributed to their specialized ecology. It is also possible that some OBPs have not been accurately identified because of the limitation of library representation. Similar to OBPs, CSP-encoding genes were also expressed ubiquitously in insects and have been thought to be involved in chemoreception and participate in other physiological processes (Iovinella et al., 2013). Based on the phylogenetic topology, almost all CSPs of Diptera formed a taxon-specific clade. According to the divergence of insect orders, diversification has also been observed in other lepidopteron. The numbers of putative CSP-genes members of N. flavidorsalis and S. postornata were both 14. Besides, due to the evolutionarily conserved CSP gene family, the putative CSP genes of the two species were also clustered together. The SNMPs are conserved throughout holometabolous insects (Suh et al., 2014); this analysis suggests two SNMP sub-clades: SNMP1 and SNMP2. Moreover, SNMP1 and SNMP2 cluster in a monophyletic group, respectively, which was consistent with the previous Lepidoptera studies (Xu et al., 2021).

odorant receptors connect binding proteins with olfactory sensory neurons and conduct olfactory signal transduction. The putative OR gene members were the highest in N. flavidorsalis (76) and S. postornata (61), respectively. According to the phylogenetic topology, an atypical odor receptor (Orco) was identified in both species, which was consistent with most members of the insect OR family and showed highly evolutionary conservation. According to phylogenetic analysis, the lineage of IR gene members was highly conserved, and one IR25a member was identified in both species that could participate in sensing temperature changes (Chen et al., 2015). The three IR76b, which was sensitive to low concentration salt, were detected in N. flavidorsalis, yet only one member of IR76b was found in S. postornata (Zhang et al., 2013; Lee et al., 2017). This implied that N. flavidorsalis might be more sensitive to salt ions at lower concentrations, which may be related to its host specificity (Chen et al., 2019). Notably, transcripts putatively encoding IR8a, which are thought to function as IR co-receptors, were also found in slug moth (Ai et al., 2013; Rytz et al., 2013; Zhang et al., 2019). GR gene family is a typical function in sensing sugar, CO2, and bitter molecules (Wanner and Robertson, 2008). We also detected 10 and 11 putatively GRs in the antennal transcriptomes in N. flavidorsalis and S. postornata, respectively, which provided important sequence information. In the phylogenetic tree, GRs involved in detecting CO2 molecules were clustered in a group with other species. GRs engaged in detecting sugar and bitter molecules were not detected. Unfortunately, this phenomenon may be related to the species-specific distribution of GR receptors and sample sequencing depth.

To further clarify the effects of host plant distribution on herbivorous insects, the ecological niche model analyses proceeded on N. flavidorsalis, S. postornata, and their host plants in China. Their occurrence data were collected mainly through extensive field sampling across China and GBIF. The results indicate that there was a clear correlation with the availability of host plants and the suitable distribution area of herbivorous insects. The oligophagous insects may accurately locate the high-density distribution area of their host plants with the help of their complex olfactory sensing system. Not only that plant diversity could affect insect diet breadth (Forister et al., 2015), which may, in turn, feed back onto plant diversity with either coevolutionary or ecological interactions. As a matter of fact, in addition to host plants, species distributions of insects are also affected by multiple factors such as climate, precipitation, soil, and natural enemies (Dang et al., 2021). In the future, a refined model would provide more accurate information to predict the relationship of the potential distribution between the insect and host plants.

In conclusion, we compared the antennal sensilla structures of three species of slug moth with different diet breadth. A total of 9 types of sensilla were identified, in which SUp and SFu were first reported in the family Limacodidae. Furthermore, there was a trend of gradually decreasing the number of sensillum types with the gradual expansion of feeding habitats, which was consistent with that found in Noctuidae insects. However, there was no correlation between the number of olfactory-related genes (including receptor-encoding genes and genes related to transport odorant molecules) and the increase of antennal sensilla types. There is no doubt that further research is needed to test this phenomenon. Our studies will provide novel ideas for developing bioinsecticides and facilitate further study on the plant–insect interactions.
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Different letters (a,b) represent significant differences (o < 0.05) between species in each column, no data (line). Bold values stand for significant differences.
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