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The chemosensory gene families of insects encode proteins that are crucial for host
location, mate finding, oviposition, and avoidance behaviors. The insect peripheral
chemosensory system comprises odorant receptors (ORs), gustatory receptors (GRs),
ionotropic receptors (IRs), odorant binding proteins (OBPs), chemosensory proteins
(CSPs), and sensory neuron membrane proteins (SNMPs). These protein families have
been identified from a large number of insect species, however, they still remain
unidentified from several taxa that could provide important clues to their evolution. These
taxa include older lepidopteran lineages and the sister order of Lepidoptera, Trichoptera
(caddisflies). Studies of these insects should improve evolutionary analyses of insect
chemoreception, and in particular shed light on the origin of certain lepidopteran protein
subfamilies. These include the pheromone receptors (PRs) in the “PR clade”, the
pheromone binding proteins (PBPs), general odorant binding proteins (GOBPs), and
certain presumably Lepidoptera-specific IR subfamilies. Hence, we analyzed antennal
transcriptomes from Rhyacophila nubila (Trichoptera), Eriocrania semipurpurella, and
Lampronia capitella (representing two old lepidopteran lineages). We report 37 ORs,
17 IRs, 9 GRs, 30 OBPs, 7 CSPs, and 2 SNMPs in R. nubila; 37 ORs, 17 IRs, 3 GRs,
23 OBPs, 14 CSPs, and 2 SNMPs in E. semipurpurella; and 53 ORs, 20 IRs, 5 GRs,
29 OBPs, 17 CSPs, and 3 SNMPs in L. capitella. We identified IR members of the
“Lepidoptera-specific” subfamilies IR1 and IR87a also in R. nubila, demonstrating that
these IRs also occur in Trichoptera. Members of the GOBP subfamily were only found
in the two lepidopterans. ORs grouping within the PR clade, as well as PBPs, were only
found in L. capitella, a species that in contrast to R. nubila and E. semipurpurella uses
a so-called Type | pheromone similar to the pheromones of most species of the derived
Lepidoptera (Ditrysia). Thus, in addition to providing increased coverage for evolutionary
analyses of chemoreception in insects, our findings suggest that certain subfamilies of
chemosensory genes have evolved in parallel with the transition of sex pheromone types
in Lepidoptera. In addition, other chemoreceptor subfamilies show a broader taxonomic
occurrence than hitherto acknowledged.

Keywords: odorant receptor, gustatory receptor, ionotropic receptor, odorant binding protein, chemosensory
protein, pheromone, sensory neuron membrane protein
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INTRODUCTION

Chemoreception is of utmost importance for the survival and
reproduction of insects. The insect antenna is the main olfactory
appendage, and it is covered with numerous sensory structures,
called sensilla (Keil, 1999; Yuvaraj et al., 2018a). The olfactory
sensilla contain the dendrites of olfactory sensory neurons
(OSNs), which house chemoreceptors from three divergent
multi-gene families, i.e., the odorant receptor (OR) (Clyne et al.,
1999; Gao and Chess, 1999; Vosshall et al., 1999), gustatory
receptor (GR) (Kwon et al., 2007), and ionotropic receptor (IR)
(Benton et al., 2009) families. The receptors and additional
families of non-receptor proteins involved in chemosensation
(Leal, 2013) have now been identified in many species (Montagné
et al, 2015), providing a basis for subsequent evolutionary,
structural, and functional studies of these molecular cornerstones
of olfaction and taste. However, the chemosensory gene families
have, to our knowledge, not yet been identified from certain
taxa which could provide important clues to their evolution and
origin, including the Trichoptera (caddisflies, the sister group of
Lepidoptera) and older lineages of Lepidoptera comprising the
so-called non-ditrysian moths (Lofstedt et al., 2016).

Insect 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 of
vertebrates. No homology is shared between these two groups of
ORs (Clyne et al., 1999; Benton et al., 2006; Wistrand et al., 2006).
In insects, each ligand-binding OR forms a heterotetrameric
complex (Butterwick et al., 2018) with an evolutionary conserved
odorant receptor co-receptor (Orco) (Vosshall and Hansson,
2011; Stengl and Funk, 2013; Corcoran et al., 2018). Orco is
necessary for odor responses (Sato et al., 2008; Wicher et al.,
2008), and also important for the ORs to localize in the cell
membrane of OSN dendrites (Larsson et al., 2004; Benton et al.,
2006; German et al., 2013). With few exceptions, (e.g., Dobritsa
et al., 2003; Koutroumpa et al., 2014; Karner et al., 2015) each
OSN expresses only one odorant-binding OR, which to a large
extent determines the response profile of the OSN. The OR
repertoire is highly divergent across insects, both in terms of
sequence variation and the total number of ORs encoded by
different genomes (Andersson et al., 2015; Montagné et al.,
2015). This diversity is thought to at least partly depend on
the specialization to different ecological niches (Nei et al., 2008;
Hansson and Stensmyr, 2011; Andersson et al., 2015). The GRs
belong to the same superfamily as the ORs (Robertson et al.,
2003). The GRs are mainly expressed in taste organs and are
involved in contact chemoreception (Vosshall and Stocker, 2007),
but this gene family also encodes conserved receptors for carbon
dioxide, often expressed in the insect antennae (Kwon et al., 2007;
Robertson and Kent, 2009).

IRs are related to ionotropic glutamate receptors (iGluRs) that
represent a conserved family of ligand-gated ion channels that
mediate neuronal communication at synapses in both vertebrates
and invertebrates. However, the IRs have atypical binding
domains and are involved in sensing the external environment
(Benton et al., 2009). The class of ‘antennal’ IRs comprises
receptors involved in olfaction (Benton et al., 2009; Croset et al.,

2010; Rytz et al., 2013), humidity (Enjin et al., 2016; Frank et al,,
2017), temperature (Chen et al., 2015), and salt sensing (Zhang
etal., 2013). These IRs are conserved across insect orders (Croset
et al,, 2010; Rytz et al., 2013). On the other hand, the ‘divergent’
IRs are highly variable across species, and members of this class
have been assigned a putative role in taste (Croset et al., 2010).
A third, phylogenetically distinct, group of IRs occurs in moths
and butterflies, and was recently proposed to be Lepidoptera-
specific (Liu et al., 2018). In contrast to the ORs, IRs are expressed
in a combinatorial fashion in OSNs, and they are in Drosophila
tuned to different sets of odorants, notably acids, aromatics, and
nitrogen-containing compounds (Abuin et al., 2011). The IRs
represent a more ancestral receptor family than the OR family
as evidenced by their presence throughout protostome lineages
(Croset et al., 2010; Eyun et al., 2017).

Proteins encoded by additional gene families are also
important for olfaction. The sensory neuron membrane proteins
(SNMPs) are expressed in certain OR-expressing OSNs. SNMPs
are integral membrane proteins, related to scavenger proteins,
and belonging to the CD36 family. Two representatives of
SNMPs (SNMP1 and SNMP2) are found in insects (Nichols
and Vogt, 2008), although some insect genomes encode multiple
numbers of each group with six putative SNMP1 members being
the highest number reported so far (Andersson et al., 2014,
2016). SNMP1 has an important role in pheromone detection
in Drosophila and moths (Benton et al., 2007; Li et al., 2014;
Pregitzer et al., 2014; Gomez-Diaz et al., 2016). In addition,
the protein-rich lymph inside sensilla contains odorant binding
proteins (OBPs) involved in the binding and solubilization of
odorants in the lymph (Grofle-Wilde et al., 2006; Leal, 2013).
OBPs are small (typically 135-220 amino acids) hydrophilic
proteins with conserved cysteine residues forming disulfide
bridges (Vogt, 2003; Sanchez-Gracia et al., 2009). Two specialized
monophyletic subfamilies of OBPs, the pheromone binding
proteins (PBPs) and general odorant binding proteins (GOBPs),
appear to be conserved in most species of the higher Lepidoptera
(Ditrysia) (Vogt et al., 2015). However, it remains unknown if
they are present also in older moth lineages or in caddisflies that
use a different chemical type of sex pheromone (Lofstedt et al.,
2016). Similar to the OBPs, the insect chemosensory proteins
(CSPs) are thought to bind hydrophobic molecules. These
proteins are also small (generally around 130 amino acids), and
characterized by four conserved cysteine residues forming two
disulfide bridges. However, CSPs are also expressed in a variety of
non-sensory tissues, and their importance in olfaction and taste
remain unclear (Pelosi et al., 2006; Sdnchez-Gracia et al., 2009).

The order Trichoptera contains species with aquatic immature
stages, and together with the Lepidoptera, they form the suborder
Amphiesmenoptera (Kjer et al., 2001; Kjer et al., 2002). Among
the Lepidoptera, the early-diverging families Eriocraniidae
and Prodoxidae belong to the non-ditrysian group of moths
(Figure 1). The leaf miner moth, Eriocrania semipurpurella
(Eriocraniidae) uses Type 0 sex pheromone compounds (short
chain secondary alcohols or ketones) similar to the pheromones
used by species in the sister group Trichoptera (Figure 1; Lofstedt
et al., 2016). The currant shoot borer, Lampronia capitella
(Prodoxidae) uses Type I pheromone compounds (Cjo-Cjs
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FIGURE 1 | Phylogeny of major lepidopteran superfamilies and the sister order Trichoptera with the suggested evolution of different sex pheromone types indicated
by different colors on branches (adapted from Lofstedt et al., 2016). Except for the Papilionoidea, only taxa with identified female-produced sex pheromones or sex
attractants are included. The figure is modified from Yuvaraj et al. (2017), with permission from the publisher (link to article: https://academic.oup.com/mbe/article/

34/11/2733/4060563).

acetates, alcohols and aldehydes) for sex communication, which
is the most common type of sex pheromone in ditrysian moths
(Lofstedt et al., 2016). Based on currently available pheromone
data within the Lepidoptera, Adeloidea to which Prodoxidae
belongs, is the earliest diverging branch in the phylogeny with
species using Type I pheromone compounds (Figure 1; Lofstedt
etal., 2016).

During the last decades, the chemosensory gene families have
been extensively studied in ditrysian Lepidoptera and many
other groups of insects (e.g., Krieger et al., 2002; Grosse-Wilde
et al., 2011; Bengtsson et al., 2012; Andersson et al., 2013, 2014;
Corcoran et al., 2015; Walker et al., 2016). On the other hand,
the early-diverging lineages of Lepidoptera and its sister group
Trichoptera are poorly studied in terms of their chemosensory
genes, probably due to the fact that most of these species are
not known to be pests of agricultural crops. Among these taxa,
there has been a transition in pheromone types from Type 0 to
Type I compounds, seemingly representing a major evolutionary
transition in terms of chemical communication (Lofstedt et al.,
2016). The ORs of E. semipurpurella and L. capitella were
reported in our previous functional characterization studies
(Yuvaraj et al., 2017, 2018b), but not the other chemosensory
gene families. We aim to find out whether the evolution of
different pheromone types is associated with complementary
changes in the periphery of the pheromone detection system.

For example, changes in chemosensory genes may be associated
with the transition to Type I pheromones. Hence, we analyzed
antennal transcriptomes of L. capitella that belongs to the
earliest diverging moth lineage that uses Type I sex pheromones,
E. semipurpurella belonging to an even older moth lineage using
Type 0 sex pheromones, and Rhyacophila nubila that belongs
to the Trichoptera, which also use Type 0 sex pheromones. We
report the antennally expressed ORs, IRs, GRs, OBPs, CSPs,
and SNMPs in these three species. We also estimate their
expression levels based on RNAseq data, and analyze their
taxonomic occurrence and evolutionary relationships with the
corresponding proteins in moths of the Ditrysia. We reveal
that certain subfamilies of chemosensory genes only appear in
antennal transcriptomes of moths using Type I sex pheromones,
whereas other subfamilies occur more broadly than previously
realized. Hence, our results contribute to a better understanding
of the evolution of semiochemical communication systems
within the superorder Amphiesmenoptera.

MATERIALS AND METHODS

Insects
Pupae of R. nubila were collected from a river stream outside
Sjobo in southernmost Sweden (55°41'13.2"'N 13°21'24.6"E,

Frontiers in Physiology | www.frontiersin.org

September 2018 | Volume 9 | Article 1365


https://academic.oup.com/mbe/article/34/11/2733/4060563
https://academic.oup.com/mbe/article/34/11/2733/4060563
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Yuvaraj et al.

Chemoreception in Caddisflies and Moths

88.06 m alt.), and kept at 14-16°C and 16:8 h light:dark cycle
with external aeration in an aquarium for adults to emerge. Adult
males of E. semipupurella were collected from a birch forest near
Skrylle in southernmost Sweden (55°38'51.0”N 13°41'28.1"E,
39.53 m alt.) using traps baited with sex pheromone (Kozlov et al.,
1996; Yuvaraj et al., 2017). Adults of male and female L. capitella
were collected by hand from a black currant plantation near
Roskilde, Denmark (55°36/26.8’'N 11°58'35.2"'E, 14.54 m alt.).

RNA Extraction and First-Strand cDNA
Synthesis

Antennae were removed from the males and females under a
stereo microscope (Olympus SZ Series Zoom, Olympus, Tokyo,
Japan) and stored at —80°C until RNA isolation. Total RNA
from pools of antennae (50 pairs from each sex of R. nubila,
100 pairs from male E. semipurpurella, and 100 pairs from
each sex of L. capitella) was extracted using the Trizol protocol
(Thermo Fisher Scientific, Carlsbad, CA, United States), and
subsequently purified using an RNA Purification Kit (Invitrogen,
Carlsbad, CA, United States) according to the manufacturer’s
instructions. The concentration and quality of the RNA were
analyzed using a Nanodrop2000 (Thermo Scientific, Saveen
Werner, Malmo, Sweden). First-strand ¢cDNA was synthesized
from 1 pg of DNAse-treated total RNA using the ThermoScript
RT-PCR system for First-Strand cDNA Synthesis (Thermo Fisher
Scientific) following the manufacturer’s instructions, except that
both oligo-dT primers and random hexamers (1 pL of each)
were used in the 20 WL reaction mixtures. The first-strand cDNA
library was then used for cloning of chemosensory genes (see
section “PCR Confirmation and RACE-PCR Amplification”).

Sequencing, Assembly and Annotation

The ¢DNA libraries were sequenced paired-end (100 bp)
using an Illumina HiSeq 2000 platform (Illumina, San Diego,
CA, United States) at the Beijing Genomics Institute (BGI
Hong Kong Co. Ltd.,) and RNAseq libraries were constructed
using Illumina’s standard protocols. Adaptor sequences were
removed and low quality reads trimmed using Trimmomatic'.
De novo transcriptome assembly of the cleaned data was then
performed using the short reads assembly program Trinity
(default parameters, version 20121005, Grabherr et al., 2011), and
the assembled reads were clustered by TGICL (Pertea et al., 2003).
Male and female derived reads were assembled both separately
and combined. Primarily the combined assemblies were used
for the annotation of chemosensory genes. However, on a few
occasions the open reading frames of certain chemosensory
genes were longer in the sex-specific assemblies, and were in
these cases included in the final dataset. The completeness
of each of the assembled transcriptomes (sexes combined for
R. nubila and L. capitella) was assessed using the Benchmarking
Universal Single-Copy Orthologs (BUSCOv3) tool performed
against the Insecta odb9 dataset that includes 1658 reference
genes® (Waterhouse et al., 2017).

Uhttp://www.usadellab.org/cms/?page=trimmomatic
Zhttps://busco.ezlab.org/

Annotations of chemosensory genes were performed as
previously described (Yuvaraj et al., 2017). Briefly, all assembled
transcripts were initially included in blast searches against
the pooled database of non-redundant (nr) proteins at NCBI
(National Center for Biotechnology Information), using an
e-value cut-off at le—5. Transcripts with hits for putative
chemosensory genes were identified from this blast search, open
reading frames (ORFs) identified, and then verified by additional
BLASTp searches against the nr database. Also, the identified
chemosensory genes from the three species were used as
queries in additional tBLASTn searches (e-value cut-off < le—1)
against the transcriptomes of all three species to ensure that
all chemosensory genes were identified. Searches against the
Pfam web-tool from EMBL-EBI® and transmembrane predictions
using TMHMM server version 2.0°, were undertaken to further
support the annotations. Apart from the functionally tested ORs
in E. semipurpurella and L. capitella (Yuvaraj et al., 2017, 2018b),
the sequences of ORs and OBPs were numbered in the order they
were found in each transcriptome. No OR was given the number
2, to avoid confusion with previously reported lepidopteran
Orco proteins. Two pairs of OBPs in R. nubila showed >75%
identity, and were therefore given the same number (OBP18 or
26), but with an “a” or “b” suffix. SNMPs, IRs, and the OBP
subfamilies PBPs and GOBPs were named according to sequence
homology with other previously identified lepidopteran proteins.
Similarly, putative GRs for carbon dioxide were named GR1-3
(Robertson and Kent, 2009), and putative sugar receptors were
named according to sequence homology with such receptors in
other moth species. GRs that were not annotated as putative
carbon dioxide or sugar receptors were labeled consecutively
from number 11. Finally, the CSPs were numbered consecutively
based on their tree groupings. Transcript sequences encoding
putative chemosensory genes with >99% amino acid identity
were regarded as alleles or assembly isoforms and only one copy
was included. We use the prefix Rnub for the chemosensory genes
of R. nubila, Esem for E. semipurpurella, and Lcap for L. capitella.

The expression levels of transcripts were estimated using the
FPKM method (fragments per kb transcript per million mapped
reads). The expression of chemosensory genes was regarded as
sex-biased if the FPKM values differed by >3-fold between the
sexes. This more stringent cut-off compared to the standard
twofold change was used due to lack of biological replication.
Only genes that had FPKM values above 2 in at least one of
the sexes were included in the analysis. The sequences, length
details, and FPKM values of all identified chemosensory genes
and proteins are presented in Supplementary Data Sheets S1-
83, for R. nubila, E. semipurpurella, and L. capitella, respectively.

PCR Confirmation and RACE-PCR
Amplification

To confirm the sequence of some transcripts encoding R. nubila
ORs and L. capitella IRs (Supplementary Data Sheet S3),
PCR amplification from cDNA, followed by cloning and
Sanger sequencing were performed. Full length or partial genes

Shttp://pfam.xfam.org/search/sequence
“http://www.cbs.dtu.dk/services/ TMHMM-2.0/
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were amplified using gene specific primers (oligonucleotide
primer sequences are reported in Supplementary Table S1)
and Platinum® Pfu polymerase (Thermo Fisher Scientific), and
adenosine residues were added to the ends of the PCR products
using GoTaq® Green Master mix (Thermo Fisher Scientific).
The PCR products were resolved on 0.7% TAE agarose gels
and bands of predicted length were cut and purified using the
Wizard® SV Gel and PCR clean-up system (Promega). The
purified PCR products were transformed into the pTZ57R/T
vector and colonies were tested for successful transformation.
Positive colonies were grown in LB media (containing ampicillin)
overnight, and plasmids were extracted using the GeneJET
plasmid miniprep kit (Thermo Fisher Scientific). Sequencing
PCR was performed using vector-specific primers and BigDye®
Terminator v1.1 Cycle Sequencing Kit (Thermo Fisher Scientific)
following the manufacturer’s protocol. The plasmids were then
Sanger sequenced using a capillary 3130xL Genetic Analyzer
(Thermo Fisher Scientific) at the Department of Biology
sequencing facility (Lund University, Lund, Sweden).

Assembled transcripts did not always encode full-length
proteins of chemosensory genes, causing miss-alignments that
prevented proper phylogenetic analyses of the ORs in particular.
Hence, 5" and 3’ RACE-PCR (50 pl reactions) was carried out for
some of the short OR transcripts in R. nubila (Supplementary
Data Sheet S1 and Supplementary Table S1) to obtain full length
sequences, using the SMARTer RACE ¢cDNA Amplification Kit
(Clontech, Mountain View, CA, United States) according to the
manufacturer’s instructions. The following program was used: 5
cycles of 94°C for 30 s, 72°C for 3 min; 5 cycles of 30 s at 94°C,
30 sat 70°C, 3 min at 72°C; 20 cycles of 30 s at 94°C, 30 s at 68°C,
3 min at 72°C; and a final extension of 7 min at 72°C. Further
cloning and sequencing was performed as described above.

Phylogenetic Analyses

The amino acid sequences of predicted ORs, IRs, SNMPs, OBPs,
and CSPs from R. nubila, E. semipurpurella, and L. capitella
were aligned together with proteins from Manduca sexta, Plutella
xylostella and Epiphyas postvittana using the MAFFT sequence
alignment plugin in Geneious R7 software (Biomatters’). To
improve the robustness of the phylogenetic analysis, miss-
aligned sequences, OR sequences below 200 amino acids, and
IR sequences below 100 amino acids were not included (except
the 96-amino acid fragment of IR60a from L. capitella, which
aligned well). The OR tree was rooted with the lineage of
conserved Orco proteins, and the IR tree with the IR8a and
IR25a subfamilies. To ensure correct naming of IRs, Drosophila
melanogaster IR sequences were also included in the IR tree.
A non-SNMP member of CD36 family (Croquemort, Dmelcrg-
A) was used to root the SNMP tree. Maximum-likelihood
phylogenetic trees were constructed with RAXMLS8 (Stamatakis,
2014), and branch support was obtained using 500 bootstrap
replicates. The trees were visualized and color coded in FigTree
V 1.4.25

Shttp://www.geneious.com
Chttp://tree.bio.ed.ac.uk/software/figtree/

RESULTS

Assemblies

The Ilumina sequencing of the R. nubila antennal samples
yielded a total of 110 million reads from each sex. The
reads from both sexes combined were assembled into
53,067 transcripts, with a mean length of 1005 bp and
an Nsp value of 1991 bp. In total, 65 million reads
from the male E. semipurpurella antennal sample were
assembled into 68,151 transcripts with a mean length of
818 bp and Nsp-value of 1,761. The antennal samples
of L. capitella yielded 110 million reads from each sex.
The reads from both sexes combined were assembled
into 60,437 transcripts, with a mean length of 1022 bp
and an Nsp value of 2069 bp. The raw sequenced reads
have been deposited in the Sequence Read Archive (SRA)
database at NCBI under the Bioproject accession numbers:
SRR7459244 (R. nubila), SRR5328787 (E. semipurpurella),
and SRR6679363 (L. capitella). The transcriptome assemblies
have been deposited in the Transcriptome Shotgun Assembly
database at DDBJ/EMBL/GenBank under the accessions:
GGRG00000000 (R. nubila), GFQP00000000 (E. semipurpurella),
and GGRH00000000 (L. capitella). The versions described in
this paper are the first versions: GGRG01000000 (R. nubila),
GFQP01000000 (E. semipurpurella), and GGRH01000000
(L. capitella). BUSCO analysis using the Insecta odb9 dataset
with 1658 reference genes revealed that the completeness of
the transcriptomes was high, i.e., 91, 86, and 95%, for R. nubila
(sexes combined), E. semipurpurella (male only), and L. capitella
(sexes combined), respectively (for additional details, see
Supplementary Table S2).

Receptor Gene Families

Odorant Receptors

In previous studies reporting the functional characterization
of sex pheromone receptors, we identified 37 ORs in
E. semipurpurella (Yuvaraj et al., 2017) and 53 ORs in L. capitella
(Yuvaraj et al., 2018b), including the co-receptor Orco. Here,
we report 37 ORs from R. nubila, including Orco (Table 1
and Supplementary Data Sheet S1). For R. nubila, two partial
transcripts encoding ORs were extended to full-length using
RACE-PCR (RnubOR5 and 8). The full-length sequences of
nine additional RnubOR transcripts were confirmed from
cDNA. Sequences of the cloned and RACE-PCR extended OR

TABLE 1 | Number of genes identified for each chemosensory gene family in
Rhyacophila nubila, Eriocrania semipurpurella, and Lampronia capitella.

ORs GRs IRs OBPs CSPs SNMPs
Rhyacophila nubila 37 9 17 30 7 2
Eriocrania semipurpurella 37 3 17 23 14 2
Lampronia capitella 53 5 20 29 17 3

OR, odorant receptor; GR, gustatory receptor; IR, ionotropic receptor; OBR,
odorant binding protein; CSE, chemosensory protein; SNMF, sensory neuron
membrane protein.
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genes from the three studied species have been deposited in
GenBank (see Supplementary Data Sheet S4 for accession
numbers).

In total, 25 of the transcripts encoding RnubORs were
regarded as full-length with more than 400 amino acids
(Supplementary Data Sheet S1). Two of the longer partial OR
fragments (OR24, and OR29) contained between 300 and 400
amino acids, but lacked the N- or C-terminus. Length-details of
the OR-encoding transcripts in E. semipurpurella and L. capitella
have been reported previously (Yuvaraj et al., 2017, 2018b), but
in brief, 24 ORs are full length proteins in E. semipurpurella, and
37 ORs in L. capitella (Supplementary Data Sheets S2, S3).

Phylogenetic analysis of the R. nubila, E. semipurpurella,
and L. capitella OR sequences was performed together with
OR datasets from M. sexta, E. postvittana, and P. xylostella. As
expected, the conserved Orco proteins from all species clustered
together in a clade that was used to root the tree (Figure 2).
No ORs from R. nubila or E. semipurpurella grouped within
the recently extended lepidopteran pheromone receptor (PR)
clade (Figure 2; Koenig et al., 2015; Yuvaraj et al., 2018b). In
contrast, L. capitella has seven ORs that form two subfamilies
within the PR clade (LcapORs 1, 4, 6, 8, and LcapORs 3,
5, 7, respectively), of which LcapORs 6-8 respond to Type I
pheromone compounds (Yuvaraj et al., 2018b). Additionally, our
phylogenetic analysis suggests that one RnubOR (RnubOR1),
two EsemORs (EsemORI1 and 6), one LcapOR (LcapORI15)
and one PxylOR (PxylOR3) share a common ancestor with the
PR clade, although the position of LcapOR15 and PxylOR3
had low bootstrap support (<20), and is inconsistent with our
previous analysis (Yuvaraj et al.,, 2018b). Based on the specific
response of EsemORI to the plant volatile B-caryophyllene
(Yuvaraj et al.,, 2017; indicated in Figure 2), there is currently no
evidence to suggest that these ORs should be included in the PR
clade.

As previously reported (Engsontia et al., 2014; Koenig
et al,, 2015), ORs from P. xylostella showed relatively large
species-specific lineage expansions both within and outside the
PR clade. In contrast, no major species-specific OR lineage
expansions were evident among the three studied species,
although a few minor expansions of 4-5 ORs could be
observed (Figure 2). The remaining ORs from R. nubila, E.
semipurpurella, and L. capitella were generally clustered basally
or sister to subfamilies containing ORs from M. sexta, E.
postvittana, and P. xylostella, across the tree. Several simple
one-to-one orthologous relationships with bootstrap support
>70% were evident between ORs in R. nubila, E. semipurpurella,
and L. capitella: RnubOR3/LcapOR36, RnubOR15/EsemOR24,
RnubOR29/EsemOR26, RnubOR31/LcapOR32, EsemOR7/Lcap
OR23, and EsemOR9/LcapOR22 (all indicated in Figure 2).

The estimated expression levels (FPKM values) of the
EsemORs and LcapORs were reported previously (Yuvaraj et al.,
2017, 2018b). In terms of sex-biased expression, L. capitella has 7
ORs with estimated male-biased expression of which LcapORS6, 7,
and 8 are located within the PR clade (Figure 2). Three LcapORs
have female-biased FPKM values of which LcapOR3 is within
the PR clade (Table 2). In R. nubila, 6 ORs have male-biased
expression, and 2 ORs female-biased expression (Table 2). For

E. semipurpurella, we did not have access to a female antennal
transcriptome (Supplementary Data Sheets S1-S3).

Gustatory Receptors

We identified 9 GRs (6 full-length) in R. nubila, 3 GRs (1
full-length) in E. semipurpurella, and 5 GRs (2 full-length)
in L. capitella (Table 1 and Supplementary Data Sheets S1-
$3). Among these GRs, orthologs of the three carbon dioxide
receptors were identified in L. capitella (LcapGR1-3) based on
sequence homology; two of them were found in R. nubila
(RnubGR1 and RnubGR2), but none of them was found in
E. semipurpurella. Two putative non-fructose sugar receptors
were identified in R. nubila (RnubGR4 and RnubGR6) as well as
in E. semipurpurella (EsemGR4 and EsemGR6), whereas one was
found in L. capitella (LcapGR4). One putative fructose receptor
was found in each of R. nubila and L. capitella (RnubGR9 and
LcapGR9). The remaining GRs (RnubGR11-14 and EsemGR11)
were regarded as putative bitter taste receptors. In general,
the GRs had low FPKM values and none of them was sex-
biased (Supplementary Data Sheets S1-S3). Due to the small
number of GRs identified, which is expected for antennal
transcriptomes, we do not report a phylogenetic analysis for this
gene family.

lonotropic Receptors

In total, 17 IRs were identified in R. nubila, 17 in
E. semipurpurella, and 20 in L. capitella (Table 1 and
Supplementary Data Sheets S1-S3). The conserved antennal
IRs (Croset et al, 2010) and IRs belonging to the so-called
‘Lepidoptera-specific IR subfamilies (Liu et al., 2018) were
named based on their orthologous relationships with members
in other species. Collectively in the three species, we found
orthologs for the ‘Lepidoptera-specific receptors IR1 and
IR87a, and the antennal receptors IR8a, IR21a, IR25a, IR40a,
IR41a, IR60a, IR68a, IR76b, IR93a, and several members of
the IR75 group, including IR75d, IR75p, and IR75q (Figure 3;
Croset et al,, 2010). The IR75p and IR75q proteins from
L. capitella were further classified based on their phylogenetic
positions within the subfamilies of IR75p.1, p.2 and q.2
proteins from other lepidopterans (no IR75q.1 ortholog
was found in L. capitella). However, the two IR75p relatives
from E. semipurpurella were positioned sister to the entire
subfamily of IR75p.1 and p.2 proteins, and were hence
named EsemIR75p.0.1 and p.0.2. Similarly, two IRs from
E. semipurpurella and three IRs from R. nubila, all related
to IR75q, could not be assigned to the specific subfamilies
IR75q.1 or q.2. Hence, they were named EsemIR75q.0.1
EsemIR75q.0.2, and RnubIR75q.0.1-q.0.3. We found two
members of IR41a in L. capitella (LcapIR41a.1 and LcapIR41a.2),
and two members of IR60a in R. nubila (RnubIR60a.1 and
RnubIR60a.2). Of the above-mentioned orthologs, we did
not find all of them in each of the three species. Specifically,
IR64a, IR75d, and putative IR75p members were identified
in E. semipurpurella and L. capitella, but not in R. nubila. In
addition, an ortholog to one of the divergent IR subfamilies
of Lepidoptera, IR7d, was found in R. nubila and L. capitella,
but not in E. semipurpurella. The occurrence of an ortholog
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(when applicable), are reported in Supplementary Data Sheet S4.

FIGURE 2 | Maximum-likelihood phylogram of odorant receptors (ORs), rooted with the lineage of conserved Orco proteins. Included are sequences from
Rhyacophila nubila (brown), Lampronia capitella (red), Eriocrania semipurpurella (blue), Epiphyas postvittana (green), Manduca sexta (black), and Plutella xylostella
(purple). Highlighted clades: the lepidopteran ‘pheromone receptor (PR) clade’ in yellow according to Yuvaraj et al. (2018b), and the E. semipurpurella Type 0
pheromone receptor lineage in purple (Koenig et al., 2015; Yuvaraj et al., 2017, 2018b). The LcapPRs within the PR clade and the p-caryophyllene response of
EsemOR1 are also highlighted. Bootstrap support values (500 replicates) are reported on major branches if larger than 70%. Putative simple (one-to-one)
orthologous relationship with bootstrap support >70% are indicated with the letter “O”. Sources of included OR sequences, along with their accession numbers
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of the ‘Lepidoptera-specific IR87a and a member of the IR1
group also in R. nubila suggest that these IRs also occur in
Trichoptera. An ortholog of the IR143 group was found only in
L. capitella.

Ten IRs from R. nubila, 12 IRs from E. semipurpurella
and 12 IRs from L. capitella were putatively full-length,
whereas the rest of them are represented as partial genes
(Supplementary Data Sheets S1-S3). The putative IR
co-receptors, IR8a and IR25a, were among the most

highly expressed IR transcripts in the three species.
IR25a was estimated to be expressed 2-5 times higher
than IR8a in R. nubila and L. capitella (Supplementary
Data Sheets S1-S3). However, in E. semipurpurella the
expression of IR25a was low compared to that of IRS8a.
In addition, RnubIR75q.0.2 and LcapIR76b showed
particularly high antennal expression in these species.
RnubIR75q.0.2 and RnubIR8a showed male-biased expression

(Table 2).
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TABLE 2 | Chemosensory genes from R. nubila and L. capitella with estimated sex-biased expression (>3-fold difference), presented as FPKM (Fragments Per Kilobase

of transcript per Million mapped reads) values.

Rhyacophila nubila Lampronia capitella
Chemosensory genes Male FPKM Female FPKM Chemosensory genes Male FPKM Female FPKM

Male-biased expression OR11 181 25.4 OR6 203 5.37
OR17 714 0.59 OR7 8.23 0.06
OR18 46.0 7.92 OR8 219 14.2
OR20 18.5 5.85 OR32 2.59 0.86
OR21 25.9 5.48 OR41 6.02 1.91
OR31 3.89 0.82 OR50 76.9 0.93
OR51 14.2 0.98
OBP8 2.07 0.27 PBP2 15155 2841
OBP18a 4860 753 OBP1 8179 2347
OBP18b 3288 549 OBP8 2192 19.6
oBP27 9.64 2.95 OBP20 153 43.5

IR8a 70.5 121

IR759.0.2 275 24.5
SNMP1b 46.9 4.36
CSP17 20.5 6.28
Female-biased expression OR22 1.14 4.06 OR3 1.25 53.7
OR24 0.82 3.70 OR28 1.53 25.4
OR29 1.64 21.6

Non-receptor Chemosensory Gene
Families

Odorant Binding Proteins

We identified 30 transcripts encoding OBPs in R. nubila (23
full-length), 23 in E. semipurpurella (20 full-length) and 29 in
L. capitella (24 full-length) (Table 1 and Supplementary Data
Sheets S1-S3). OBPs are classified into different sub-groups
according to the patterns of conserved cysteine residues, and in
Lepidoptera also based on phylogenetic position and putative
function (Figure 4). Classic OBPs have six conserved cysteines,
whereas the Plus-C class has 12 cysteines and one characteristic
proline residue (Hekmat-Scafe et al., 2002; Sanchez-Gracia et al.,
2009; Fan et al., 2011). The Minus-C class (generally) lacks two
of the six conserved cysteines, i.e., those at positions two and
five. We found 5 RnubOBPs, 1 EsemOBPs, and 4 LcapOBPs that
belong to the Plus-C class, and 5 RnubOBPs, 3 EsemOBPs, and 4
LcapOBPs that belong to the Minus-C class (Figure 4).

In Lepidoptera, the PBPs (Pheromone Binding Proteins)
and GOBPs (General Odorant Binding Proteins) form two
monophyletic subfamilies, together sharing a common ancestor,
and they appear conserved in ditrysian moths (Vogt et al,
2015). In both E. semipurpurella and L. capitella, we found three
members that grouped in the GOBP clade (Figure 4). The three
EsemGOPBs were all most closely related to members of the
GOBP2 subfamily. In contrast, two of the LcapGOBPs were
related to the GOBPI clade, and one was related to the GOBP2
clade. No OBPs from R. nubila grouped within the GOBP clade.
Also, we did not find any OBP member that could be classified
as a PBP in R. nubila or E. semipurpurella (both using Type 0
pheromones), but we found two PBP members in L. capitella
(using a Type I pheromone). LcapPBP1 fell at a position sister

to the rest of the PBP clade, but with low bootstrap support.
LcapPBP2 grouped together with MsexPBP4, which has been
suggested to belong to the PBP-B sub-family (Vogt et al., 2015).
The estimated expression levels of the OBPs were in general high.
In addition, the FPKM values of a few OBPs indicated male-
biased expression, i.e., RnubOBP8, 18a, 18b, 27, and LcapPBP2,
OBP1, 8, and 20 (Table 2).

Chemosensory Proteins

We identified seven transcripts encoding CSPs from R. nubila
(all full-length), 14 from E. semipurpurella (9 full-length) and 17
from L. capitella (15 full-length) (Table 1 and Supplementary
Data Sheets S1-S3). Some of the CSPs were indicated as highly
expressed in the three species, but none of them as abundant as
the most highly expressed OBPs or PBPs (Supplementary Data
Sheets S1-S3). The CSPs from all three species were scattered
across the phylogenetic tree, clustering together with CSPs from
the other species (Figure 5). One CSP had estimated male-biased
expression in L. capitella (Table 2).

Sensory Neuron Membrane Proteins

We identified one member of each of SNMP1 and SNMP2
in R. nubila and E. semipurpurella. In L. capitella, we found
two orthologs of SNMP1 (labeled SNMP1la and SNMP1b) and
one ortholog of SNMP2 (Figure 6A and Table 1). Comparing
sequence identity, LcapSNMP1a appeared more conserved than
LcapSNMP1b with the former sharing 50-75% identity with
SNMP1 members from the other moth species included in this
analysis. In contrast, LcapSNMP1b, with male-biased expression
(Table 2), shared about 40% sequence identity with the other
SNMP1 orthologs (Figure 6B). The shared sequence identity
of SNMP2 orthologous was lower, ranging between 30 and
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FIGURE 3 | Maximum-likelihood phylogram of ionotropic receptors (IRs), rooted with the IR8a and IR25a subfamilies. Included are IRs from R. nubila (brown),
L. capitella (red), E. semipurpurella (blue), E. postvittana (green), M. sexta (black), P xylostella (purple), and conserved IRs from Drosophila melanogaster (Magenta).
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uded IR sequences, along with their accession numbers (when applicable), are

65% across species. All the SNMP transcripts from R. nubila,
E. semipurpurella, and L. capitella represent full-length genes.

DISCUSSION

Prior to this study, the chemosensory gene families had been
identified from many species that belong to more recent
lineages of Lepidoptera (Ditrysia). This is the first study
reporting the identification and evolutionary analyses of the
chemosensory gene families from the early-diverging lineages of
the Lepidoptera, as well as its sister order Trichoptera. As such,
our study enhances the compendium of chemosensory genes in

these taxa, providing a foundation for improved evolutionary
analyses and functional characterization.

The numbers of putative OR transcripts identified in R. nubila
and E. semipurpurella (37 in both species) were lower than the
number (53) identified in L. capitella. This suggests that fewer
ORs are expressed in the adult antennae of trichopterans as well
as in the oldest lepidopteran lineages, as compared to more recent
lepidopteran lineages and many other groups of insects (Grosse-
Wilde et al, 2011; Zhan et al., 2011; Bengtsson et al.,, 2012;
Andersson et al., 2013, 2014; Engsontia et al., 2014; Corcoran
et al, 2015 Dippel et al, 2016; Walker et al., 2016). Indeed,
different OR subfamilies have expanded to various degrees
in different insect taxa, which possibly reflects differences in
ecological specialization (Nei et al., 2008; Hansson and Stensmyr,
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FIGURE 4 | Unrooted maximum-likelihood phylogram of odorant binding proteins (OBPs). Included are sequences from R. nubila (brown), L. capitella (red),
E. semipurpurella (blue), E. postvittana (green), M. sexta (black), and P, xylostella (purple). Highlighted subfamilies; pheromone binding proteins, PBPs (yellow),
general odorant binding proteins, GOBPs (green), Plus-C OBPs (cyan) and Minus-C OBPs (orange). Bootstrap support values (500 replicates) are indicated on major
branches when >70%. Sources of included OBP sequences, along with their accession numbers (when applicable), are reported in Supplementary Data Sheet
S4.

2011; Missbach et al., 2014; Andersson et al., 2015; Benton, 2015).
However, for E. semipurpurella we could only analyze the male
antennal transcriptome, and therefore, ORs with female-specific
expression might have been missed. In addition, our BUSCO
analysis indicated that the completeness of E. semipurpurella
assembly was lower than that for L. capitella (86% vs. 95%), which
could partly contribute to the difference in OR numbers observed
between these two species. Whether the older lepidopteran
lineages and trichopterans in general express fewer antennal ORs

than most species of moths should be confirmed by analysis
of additional species. As expected, larger numbers of ORs have
been identified in the genomes of several moth species with
total counts ranging from 64 to 79 (International Silkworm
Genome Consortium, 2008; Zhan et al., 2011; Heliconius Genome
Consortium, 2012; Engsontia et al., 2014; Koenig et al., 2015). The
numbers of ORs encoded by the genomes of the three analyzed
species are likely to exceed those reported from the antennal
transcriptomes.
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Lampronia capitella has seven ORs that group within the
lepidopteran PR clade. Three of these ORs responded to Type
I pheromone compounds (Yuvaraj et al., 2018b; Figure 2). In
contrast, no ORs from R. nubila or E. semipurpurella group
within the PR clade, and the functionally characterized PRs for
Type 0 pheromones in E. semipurpurella have an independent
evolutionary origin (Yuvaraj et al, 2017). However, one OR
from R. nubila and two ORs from E. semipurpurella are
positioned sister to the PR clade and thus appear to share
a common ancestor with the PRs of species using Type I
pheromones (Figure 2). Among these ORs, EsemORI1 responded
only to the plant volatile B-caryophyllene. This result led to

the hypothesis that the PRs within the PR clade might have
evolved their role as sex pheromone detectors from ORs that
detect plant volatiles (Yuvaraj et al., 2017). The functional studies
of PRs in non-ditrysian lepidopterans suggest that receptors
within the PR clade gained a novel function as pheromone
detectors in association with the transition from Type 0 to
Type I pheromones early in the radiation of the Lepidoptera
(Yuvaraj et al., 2018b). However, within the PR clade, there
are many receptors with unknown ligands (Engsontia et al,
2014; Koenig et al., 2015; Yuvaraj et al, 2017). In order to
improve our understanding of the function and evolution of
the receptors within the PR clade, functional studies of ORs
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DmelCrqg-A

EsemSNMP1 RnubSNMP1 LcapSNMP1b

100

from additional lepidopteran lineages, particularly older ones, are
necessary.

Several putative one-to-one orthologous relationships
were found between ORs from the three studied species
(Figure 2), suggesting that some olfactory functions might be
conserved among the older lepidopteran lineages and even
with Trichoptera. In contrast, very few simple orthologous
relationships were evident among the ORs in these moths
and those from species in ditrysian families. Instead, the

Rnub, Esem, and LcapORs were regularly positioned basally
in major lepidopteran OR subfamilies. These patterns of OR
relationships are consistent with the species phylogeny, and
suggest a phylogenetic signal in the evolution of the OR gene
family. R. nubila and L. capitella contain six and seven ORs with
male-biased FPKM values, respectively, with the male-biased
RnubOR21 grouping close to the Type 0 PRs in E. semipurpurella
(Figure 2; Yuvaraj et al., 2017). It is possible that the male-biased
RnubORs are involved in the detection of the female produced
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sex pheromone, but this hypothesis remains to be tested. In
addition, quantitative RT-PCR should be performed to verify the
sex-biased expression indicated by FPKM values in this study.

The interplay between PBPs and PRs probably facilitates
pheromone detection and specificity in moths (Grofle-Wilde
et al, 2006; Forstner et al, 2009; Leal, 2013; Sun et al,
2013). The GOBPs and PBPs form two subfamilies within a
Lepidoptera-specific clade, but they had previously only been
identified in ditrysian species (Hekmat-Scafe et al., 2002; Vogt
et al., 2002; Pelosi et al., 2006; Vieira and Rozas, 2011; Vogt
et al., 2015). We did not find any binding proteins that were
related to GOBPs or PBPs in R. nubila. Also E. semipurpurella
appears to lack antennally expressed PBPs, however, in this
species we identified three GOBPs. In L. capitella, we identified
both GOBPs and PBPs, representing the first identification
of PBPs in a non-ditrysian moth. It has been suggested that
PBPs and GOBPs may be mostly associated with pheromone-
detecting sensilla trichodea and plant volatile-sensitive sensilla
basiconica, respectively (Vogt et al., 1991; Maida et al., 2005;
Forstner et al, 2009; Vogt et al, 2015; but see Vogt et al,
2002; Nardi et al., 2003). The presence or absence of PBPs
in the antenna may be related to the type of pheromone
compounds used. For instance, R. nubila and E. semipurpurella
produce Type 0 pheromone compounds whereas L. capitella
uses a Type I pheromone (Lofstedt et al., 2016). As mentioned
previously, the PRs for Type 0 pheromones in E. semipurpurella
have probably evolved from plant odor-detecting ORs, and
the characterized EsemPRs also responded secondarily to plant
volatiles (Yuvaraj et al, 2017). Thus, due to the structural
similarity between Type 0 pheromones and common plant
volatiles, it is possible that GOBPs are associated with the
detection of Type 0 pheromone compounds in E. semipurpurella.
If so, it is surprising that no GOBPs were found in R. nubila,
which also uses a Type 0 pheromone. Functional characterization
of OBPs from these and additional species from the older
Lepidoptera is necessary to test this hypothesis. Nevertheless,
the current data suggest that GOBPs are found throughout the
Lepidoptera, whereas PBPs appear to be associated only with
species using Type I pheromones, at least when considering
antennal expression.

Most of the conserved antennal IRs that are found across
insects (e.g., Croset et al, 2010; Koenig et al., 2015; Zhao
et al., 2015; Dippel et al., 2016; van Schooten et al., 2016;
Schoville et al., 2018) were identified in this study. However,
a few of the orthologs were not found in all species, which
could be due to low antennal expression of some of these
IRs. In addition, we found very few IRs of the divergent class
(Croset et al., 2010), which was expected because these IRs
are primarily expressed in gustatory tissues (Rytz et al., 2013;
Koh et al, 2014; van Schooten et al, 2016). Interestingly,
we identified several IRs not previously reported outside
ditrysian Lepidoptera (Koenig et al., 2015; van Schooten et al.,
2016; Liu et al, 2018). Specifically, we identified the first
IR143a ortholog in a non-ditrysian moth (L. capitella), IR7
members in both L. capitella and the trichopteran R. nubila,
as well as IR87a and IRl members in both non-ditrysian
Lepidoptera and in Trichoptera. Hence, the evolutionary

radiation of several IR subfamilies appears to have started
prior to the split of the two sister orders Trichoptera and
Lepidoptera.

In D. melanogaster and moths, SNMP1 is important for the
responses of some pheromone receptors (Benton et al., 2007;
Li et al., 2014; Pregitzer et al.,, 2014; Gomez-Diaz et al., 2016).
The SNMPs are conserved across insects (Nichols and Vogt,
2008; Vogt et al,, 2009), and we identified them also in our
study species. Several species have multiple members of SNMP1
(Nichols and Vogt, 2008; Andersson et al., 2013, 2014), and
L. capitella has two members expressed in the antennae. While
the sequence of LcapSNMPla is similar to those of SNMP1
members in other moths and in R. nubila, LcapSNMP1b is
more divergent, also in comparison to LcapSNMP1a (Figure 6B).
Similarly, the six putative SNMP1 members in the Hessian
fly, Mayetiola destructor (Diptera, Cecidomyiidae), share only
29-45% sequence identity (Andersson et al.,, 2014, 2016). The
evolutionary forces driving divergence among multiple SNMP1
members within a species remain unknown, but relaxed purifying
selection following duplication events might play a role, similar
to what has been proposed for OR evolution (Zhang and
Lofstedt, 2013; Andersson et al., 2015; Benton, 2015; Zhang
and Lofstedt, 2015). In addition, the function of multiple
SNMP1 members within a species remains to be unraveled,
whether olfactory or not. In the Hessian fly, the responses of
MdesOR115 to minor pheromone components were not affected
by co-expression of the different SNMP1 members when tested
in vitro (Andersson et al., 2016). However, this result does not
rule out an important role for any of the different SNMP1s
in vivo.

CONCLUSION

Our transcriptome analysis provides the first set of chemosensory
genes from the older Lepidoptera and a species of Trichoptera,
facilitating the evolutionary analysis of these gene families in
these two diverse orders of Insecta. In addition to showing
that several subfamilies of chemosensory genes are shared
between these orders, our results suggest that the conserved PR
clade of Lepidoptera and the PBPs have emerged in parallel
with the evolution of Type I sex pheromones, although this
hypothesis should be tested by genome analysis. Future studies
should aim to characterize the function of these olfactory
proteins to further our understanding of the relationship
between species ecology, pheromone communication, and
the evolution of olfactory proteins in relation to species
diversification.

AUTHOR CONTRIBUTIONS

JY, MA, and CL conceived and designed the study. JY collected
biological material. JY performed molecular work with assistance
from D-DZ. JY and MA performed transcriptome data analysis
and constructed the phylogenetic trees. JY and MA wrote the
manuscript together with contributions from D-DZ and CL. All
authors read and approved the final version of the manuscript.

Frontiers in Physiology | www.frontiersin.org

September 2018 | Volume 9 | Article 1365


https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Yuvaraj et al.

Chemoreception in Caddisflies and Moths

FUNDING

This work was supported by the Swedish Royal
Physiographic Society in Lund (to JY), the Swedish
Foundation for International Cooperation in Research

and Higher Education (Grant Numbers IB2013-5256 and
1G2013-5483), and the Swedish Research Councils VR

(Grant Numbers VR-621-2013-4355 and VR-2017-03804
to CL) and FORMAS (Grant Number 217-2014-689
to MA).

ACKNOWLEDGMENTS

We would like to thank Erling Jirle and Hong-Lei Wang for
assistance with the collection of biological material. We would
like to thank Richard Newcomb, Olle Anderbrant, Ewald Grosse-
Wilde, and William Walker for their constructive comments on
previous drafts of this manuscript.

REFERENCES

Abuin, L., Bargeton, B., Ulbrich, M. H., Isacoff, E. Y., Kellenberger, S., and
Benton, R. (2011). Functional architecture of olfactory ionotropic glutamate
receptors. Neuron 69, 44-60. doi: 10.1016/j.neuron.2010.11.042

Andersson, M. N., Corcoran, J. A., Zhang, D.-D., Hillbur, Y., Newcomb, R. D.,
and Lofstedt, C. (2016). A sex pheromone receptor in the hessian fly Mayetiola
destructor (Diptera, Cecidomyiidae). Front. Cell. Neurosci. 10:212. doi: 10.3389/
fncel.2016.00212

Andersson, M. N., Grosse-Wilde, E., Keeling, C. I, Bengtsson, J. M., Yuen, M. M.,
Li, M., et al. (2013). Antennal transcriptome analysis of the chemosensory
gene families in the tree killing bark beetles, Ips typographus and Dendroctonus
ponderosae (Coleoptera: Curculionidae: Scolytinae). BMC Genomics 14:198.
doi: 10.1186/1471-2164-14-198

Andersson, M. N., Lofstedt, C., and Newcomb, R. D. (2015). Insect olfaction and
the evolution of receptor tuning. Front. Ecol. Evol. 3:53. doi: 10.3389/fevo.2015.
00053

Andersson, M. N, Videvall, E., Walden, K. K. O., Harris, M. O., Robertson, H. M.,
and Lofstedt, C. (2014). Sex- and tissue-specific profiles of chemosensory gene
expression in a herbivorous gall-inducing fly (Diptera: Cecidomyiidae). BMC
Genomics 15:501. doi: 10.1186/1471-2164-15-501

Bengtsson, J. M., Trona, F., Montagné, N., Anfora, G., Ignell, R., Witzgall, P.,
et al. (2012). Putative chemosensory receptors of the codling moth, Cydia
pomonella, identified by antennal transcriptome analysis. PLoS One 7:¢31620.
doi: 10.1371/journal.pone.0031620

Benton, R. (2015). Multigene family evolution: perspectives from insect
chemoreceptors. Trends Ecol. Evol. 30, 590-600. doi: 10.1016/j.tree.2015.07.009

Benton, R., Sachse, S., Michnick, S. W., and Vosshall, L. B. (2006). Atypical
membrane topology and heteromeric function of Drosophila odorant receptors
in vivo. PLoS Biol. 4:¢20. doi: 10.1371/journal.pbio.0040020

Benton, R., Vannice, K. S., Gomez-Diaz, C., and Vosshall, L. B. (2009). Variant
ionotropic glutamate receptors as chemosensory receptors in Drosophila. Cell
136, 149-162. doi: 10.1016/j.cell.2008.12.001

Benton, R., Vannice, K. S., and Vosshall, L. B. (2007). An essential role for a CD36-
related receptor in pheromone detection in Drosophila. Nature 450, 289-293.
doi: 10.1038/nature06328

Butterwick, J. A., Del Mérmol, J., Kim, K. H., Kahlson, M. A., Rogow, J. A., Walz, T,
et al. (2018). Cryo-EM structure of the insect olfactory receptor Orco. Nature
560, 447-452. doi: 10.1038/s41586-018-0420-8

Chen, C., Buhl, E.,, Xu, M., Croset, V., Rees, J. S., Lilley, K. S., et al. (2015).
Drosophila ionotropic receptor 25a mediates circadian clock resetting by
temperature. Nature 527, 516-520. doi: 10.1038/nature16148

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2018.01365/full#supplementary-material

TABLE S1 | Oligonucleotide primer sequences of cloned (full length) and
RACE-PCR-extended odorant receptor (OR) and ionotropic receptor (IR) genes.

TABLE S2 | Assessment of transcriptome assembly completeness using the
Benchmarking Universal Single-Copy Orthologs (BUSCOV3) tool performed
against the Insecta odb9 dataset (https://busco.ezlab.org/).

DATA SHEET S1 | Sequences (DNA and protein), length details, and expression
levels of the chemosensory genes identified in Rhyacophila nubila.

DATA SHEET S2 | Sequences (DNA and protein), length details, and expression
levels of the chemosensory genes identified in Eriocrania semipurpurella.

DATA SHEET S3 | Sequences (DNA and protein), length details, and expression
levels of the chemosensory genes identified in Lampronia capitella.

DATA SHEET S4 | Accession numbers and/or source references for the protein
sequences included in the trees presented in Figures 2-6.

Clyne, P. J., Warr, C. G., Freeman, M. R,, Lessing, D., Kim, J., and Carlson, J. R.
(1999). A novel family of divergent seven-transmembrane proteins: candidate
odorant receptors in Drosophila. Neuron 22, 327-338. doi: 10.1016/S08
96-6273(00)81093-4

Corcoran, J. A., Jordan, M. D., Thrimawithana, A. H., Crowhurst, R. N., and
Newcomb, R. D. (2015). The peripheral olfactory repertoire of the lightbrown
apple moth, Epiphyas postvittana. PLoS One 10:e0128596. doi: 10.1371/journal.
pone.0128596

Corcoran, J. A, Sonntag, Y., Andersson, M. N., Johanson, U., and Léfstedt, C.
(2018). Endogenous insensitivity to the Orco agonist VUAAL reveals novel
olfactory receptor complex properties in the specialist fly Mayetiola destructor.
Sci. Rep. 8:3489. doi: 10.1038/s41598-018-21631-3

Croset, V., Rytz, R, Cummins, S. F., Budd, A., Brawand, D., Kaessmann, H.,
et al. (2010). Ancient protostome origin of chemosensory ionotropic glutamate
receptors and the evolution of insect taste and olfaction. PLoS Genet.
6:¢1001064. doi: 10.1371/journal.pgen.1001064

Dippel, S., Kollmann, M., Oberhofer, G., Montino, A., Knoll, C., Krala, M., et al.
(2016). Morphological and transcriptomic analysis of a beetle chemosensory
system reveals a gnathal olfactory center. BMC Biol. 14:90. doi: 10.1186/s129
15-016-0304-z

Dobritsa, A. A., Van Der Goes Van Naters, W., Warr, C. G., Steinbrecht, R. A., and
Carlson, J. R. (2003). Integrating the molecular and cellular basis of odor coding
in the Drosophila antenna. Neuron 37, 827-841. doi: 10.1016/S0896-6273(03)
00094-1

Engsontia, P., Sangket, U., Chotigeat, W., and Satasook, C. (2014). Molecular
evolution of the odorant and gustatory receptor genes in lepidopteran insects:
implications for their adaptation and speciation. J. Mol. Evol. 79, 21-39.
doi: 10.1007/s00239-014-9633-0

Enjin, A., Zaharieva, E. E., Frank, D. D., Mansourian, S., Suh, G. S., Gallio, M.,
et al. (2016). Humidity sensing in Drosophila. Curr. Biol. 26, 1352-1358.
doi: 10.1016/j.cub.2016.03.049

Eyun, S.-I, Soh, H. Y., Posavi, M., Munro, J. B., Hughes, D. S., Murali, S. C,,
et al. (2017). Evolutionary history of chemosensory-related gene families
across the Arthropoda. Mol. Biol. Evol. 34, 1838-1862. doi: 10.1093/molbev/m
sx147

Fan, ], Francis, F., Liu, Y., Chen, J., and Cheng, D. (2011). An overview of odorant-
binding protein functions in insect peripheral olfactory reception. Genet. Mol.
Res. 10, 3056-3069. doi: 10.4238/2011.December.8.2

Forstner, M., Breer, H., and Krieger, J. (2009). A receptor and binding protein
interplay in the detection of a distinct pheromone component in the
silkmoth Antheraea polyphemus. Int. ]. Biol. Sci. 5, 745-757. doi: 10.7150/ijbs.
5.745

Frontiers in Physiology | www.frontiersin.org

September 2018 | Volume 9 | Article 1365


https://www.frontiersin.org/articles/10.3389/fphys.2018.01365/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphys.2018.01365/full#supplementary-material
https://busco.ezlab.org/
https://doi.org/10.1016/j.neuron.2010.11.042
https://doi.org/10.3389/fncel.2016.00212
https://doi.org/10.3389/fncel.2016.00212
https://doi.org/10.1186/1471-2164-14-198
https://doi.org/10.3389/fevo.2015.00053
https://doi.org/10.3389/fevo.2015.00053
https://doi.org/10.1186/1471-2164-15-501
https://doi.org/10.1371/journal.pone.0031620
https://doi.org/10.1016/j.tree.2015.07.009
https://doi.org/10.1371/journal.pbio.0040020
https://doi.org/10.1016/j.cell.2008.12.001
https://doi.org/10.1038/nature06328
https://doi.org/10.1038/s41586-018-0420-8
https://doi.org/10.1038/nature16148
https://doi.org/10.1016/S0896-6273(00)81093-4
https://doi.org/10.1016/S0896-6273(00)81093-4
https://doi.org/10.1371/journal.pone.0128596
https://doi.org/10.1371/journal.pone.0128596
https://doi.org/10.1038/s41598-018-21631-3
https://doi.org/10.1371/journal.pgen.1001064
https://doi.org/10.1186/s12915-016-0304-z
https://doi.org/10.1186/s12915-016-0304-z
https://doi.org/10.1016/S0896-6273(03)00094-1
https://doi.org/10.1016/S0896-6273(03)00094-1
https://doi.org/10.1007/s00239-014-9633-0
https://doi.org/10.1016/j.cub.2016.03.049
https://doi.org/10.1093/molbev/msx147
https://doi.org/10.1093/molbev/msx147
https://doi.org/10.4238/2011.December.8.2
https://doi.org/10.7150/ijbs.5.745
https://doi.org/10.7150/ijbs.5.745
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Yuvaraj et al.

Chemoreception in Caddisflies and Moths

Frank, D. D., Enjin, A., Jouandet, G. C., Zaharieva, E. E., Para, A., Stensmyr,
M. C,, et al. (2017). Early integration of temperature and humidity stimuli in
the Drosophila brain. Curr. Biol. 27, 2381-2388. doi: 10.1016/j.cub.2017.06.077

Gao, Q., and Chess, A. (1999). Identification of candidate Drosophila olfactory
receptors from genomic DNA sequence. Genomics 60, 31-39. doi: 10.1006/
gen0.1999.5894

German, P. F., Van Der Poel, S., Carraher, C., Kralicek, A. V., and Newcomb, R. D.
(2013). Insights into subunit interactions within the insect olfactory receptor
complex using FRET. Insect Biochem. Mol. Biol. 43, 138-145. doi: 10.1016/j.
ibmb.2012.11.002

Gomez-Diaz, C., Bargeton, B., Abuin, L., Bukar, N., Reina, J. H., Bartoi, T, et al.
(2016). A CD36 ectodomain mediates insect pheromone detection via a putative
tunnelling mechanism. Nat. Commun. 7:11866. doi: 10.1038/ncomms11866

Grabherr, M. G., Haas, B. J., Yassour, M., Levin, J. Z., Thompson, D. A., Amit, I,
et al. (2011). Full-length transcriptome assembly from RNA-seq data without a
reference genome. Nat. Biotechnol. 29, 644-652. doi: 10.1038/nbt.1883

Grosse-Wilde, E., Kuebler, L. S., Bucks, S., Vogel, H., Wicher, D., and Hansson, B. S.
(2011). Antennal transcriptome of Manduca sexta. Proc. Natl. Acad. Sci. U.S.A.
108, 7449-7454. doi: 10.1073/pnas.1017963108

Grofle-Wilde, E., Svatos, A., and Krieger, J. (2006). A pheromone-binding protein
mediates the bombykol-induced activation of a pheromone receptor in vitro.
Chem. Senses 31, 547-555. doi: 10.1093/chemse/bjj059

Hansson, B. S., and Stensmyr, M. C. (2011). Evolution of insect olfaction. Neuron
72, 698-711. doi: 10.1016/j.neuron.2011.11.003

Hekmat-Scafe, D. S., Scafe, C. R, Mckinney, A. J., and Tanouye, M. A.
(2002). Genome-wide analysis of the odorant-binding protein gene family in
Drosophila melanogaster. Genome Res. 12, 1357-1369. doi: 10.1101/gr.239402

Heliconius Genome Consortium (2012). Butterfly genome reveals promiscuous
exchange of mimicry adaptations among species. Nature 487, 94-98. doi: 10.
1038/nature11041

International Silkworm Genome Consortium (2008). The genome of a
lepidopteran model insect, the silkworm Bombyx mori. Insect Biochem.
Mol. Biol. 38, 1036-1045. doi: 10.1016/j.ibmb.2008.11.004

Karner, T., Schneider, L, Schultze, A., Breer, H., and Krieger, J. (2015). Co-
expression of six tightly clustered odorant receptor genes in the antenna of the
malaria mosquito Anopheles gambiae. Front. Ecol. Evol. 3:26. doi: 10.3389/fevo.
2015.00026

Keil, T. A. (1999). “Morphology and development of the peripheral olfactory
organs,” in Insect Olfaction, ed. B. S. Hansson (New York, NY: Springer), 5-47.

Kjer, K. M., Blahnik, R. J., and Holzenthal, R. W. (2001). Phylogeny of Trichoptera
(caddisflies): characterization of signal and noise within multiple datasets. Syst.
Biol. 50, 781-816. doi: 10.1080/106351501753462812

Kjer, K. M., Blahnik, R. J., and Holzenthal, R. W. (2002). Phylogeny of caddisflies
(Insecta, Trichoptera). Zool. Scr. 31, 83-91. doi: 10.1046/j.0300-3256.2001.
00079.x

Koenig, C., Hirsh, A., Bucks, S., Klinner, C., Vogel, H., Shukla, A,, et al. (2015).
A reference gene set for chemosensory receptor genes of Manduca sexta. Insect
Biochem. Mol. Biol. 66, 51-63. doi: 10.1016/j.ibmb.2015.09.007

Koh, T.-W., He, Z., Gorur-Shandilya, S., Menuz, K., Larter, N. K., Stewart, S., et al.
(2014). The Drosophila IR20a clade of ionotropic receptors are candidate taste
and pheromone receptors. Neuron 83, 850-865. doi: 10.1016/j.neuron.2014.0
7.012

Koutroumpa, F. A., Karpati, Z., Monsempes, C., Hill, S. R., Hansson, B. S., Jacquin-
Joly, E., et al. (2014). Shifts in sensory neuron identity parallel differences in
pheromone preference in the European corn borer. Front. Ecol. Evol. 2:65.
doi: 10.3389/fevo0.2014.00065

Kozlov, M. V., Zhu, J., Philipp, P., Francke, W., Zvereva, E. L., Hansson, B. S,
et al. (1996). Pheromone specificity in Eriocrania semipurpurella (Stephens)
and E. sangii (Wood) (Lepidoptera: Eriocraniidae) based on chirality of
semiochemicals. J. Chem. Ecol. 22, 431-454. doi: 10.1007/BF02033647

Krieger, J., Raming, K., Dewer, Y. M. E,, Bette, S., Conzelmann, S., and Breer, H.
(2002). A divergent gene family encoding candidate olfactory receptors of
the moth Heliothis virescens. Eur. ]. Neurosci. 16, 619-628. doi: 10.1046/j.14
60-9568.2002.02109.x

Kwon, J. Y., Dahanukar, A., Weiss, L. A., and Carlson, J. R. (2007). The molecular
basis of CO2 reception in Drosophila. Proc. Natl. Acad. Sci. U.S.A. 104,
3574-3578. doi: 10.1073/pnas.0700079104

Larsson, M. C., Domingos, A. I, Jones, W. D., Chiappe, M. E., Amrein, H., and
Vosshall, L. B. (2004). Or83b encodes a broadly expressed odorant receptor
essential for Drosophila olfaction. Neuron 43, 703-714. doi: 10.1016/j.neuron.
2004.08.019

Leal, W. S. (2013). Odorant reception in insects: roles of receptors, binding
proteins, and degrading enzymes. Annu. Rev. Entomol. 58, 373-391. doi: 10.
1146/annurev-ento-120811-153635

Li, Z., Ni, J. D., Huang, J., and Montell, C. (2014). Requirement for Drosophila
SNMP1 for rapid activation and termination of pheromone-induced activity.
PLoS Genet. 10:e1004600. doi: 10.1371/journal.pgen.1004600

Liu, N.-Y., Xu, W,, Dong, S.-L., Zhu, J.-Y., Xu, Y.-X,, and Anderson, A. (2018).
Genome-wide analysis of ionotropic receptor gene repertoire in lepidoptera
with an emphasis on its functions of Helicoverpa armigera. Insect Biochem. Mol.
Biol. 99, 37-53. doi: 10.1016/j.ibmb.2018.05.005

Lofstedt, C., Wahlberg, N., and Millar, J. M. (2016). “Evolutionary patterns of
pheromone diversity in lepidoptera,” in Pheromone Communication in Moths:
Evolution, Behavior and Application, eds J. D. Allison and R. T. Cardé (Berkeley,
CA: University of California Press), 43-78.

Maida, R., Mameli, M., Miiller, B., Krieger, J., and Steinbrecht, R. A. (2005). The
expression pattern of four odorant-binding proteins in male and female silk
moths, Bombyx mori. J. Neurocytol. 34, 149-163. doi: 10.1007/s11068-005-
5054-8

Missbach, C., Dweck, H. K. M., Vogel, H., Vilcinskas, A., Stensmyr, M. C., Hansson,
B. S., et al. (2014). Evolution of insect olfactory receptors. eLife 3:e02115. doi:
10.7554/eLife.02115

Montagné, N., De Fouchier, A., Newcomb, R. D., and Jacquin-Joly, E. (2015).
Advances in the identification and characterization of olfactory receptors in
insects. Prog. Mol. Biol. Transl. Sci. 130, 55-80. doi: 10.1016/bs.pmbts.2014.1
1.003

Nardi, J. B., Miller, L. A., Walden, K. K. O., Rovelstad, S., Wang, L., Frye, J. C.,
et al. (2003). Expression patterns of odorant-binding proteins in antennae
of the moth Manduca sexta. Cell Tissue Res. 313, 321-333. doi: 10.1007/s004
41-003-0766-5

Nei, M., Niimura, Y., and Nozawa, M. (2008). The evolution of animal
chemosensory receptor gene repertoires: roles of chance and necessity. Nat. Rev.
Genet. 9, 951-963. doi: 10.1038/nrg2480

Nichols, Z., and Vogt, R. G. (2008). The SNMP/CD36 gene family in Diptera,
Hymenoptera and Coleoptera: Drosophila melanogaster, D. pseudoobscura,
Anopheles gambiae, Aedes aegypti, Apis mellifera, and Tribolium castaneum.
Insect Biochem. Mol. Biol. 38, 398-415. doi: 10.1016/j.ibmb.2007.11.003

Pelosi, P., Zhou, J. J., Ban, L. P, and Calvello, M. (2006). Soluble proteins in
insect chemical communication. Cell. Mol. Life Sci. 63, 1658-1676. doi: 10.1007/
500018-005-5607-0

Pertea, G., Huang, X., Liang, F., Antonescu, V., Sultana, R., Karamycheva, S.,
etal. (2003). TIGR gene indices clustering tools (TGICL): a software system for
fast clustering of large EST datasets. Bioinformatics 19, 651-652. doi: 10.1093/
bioinformatics/btg034

Pregitzer, P., Greschista, M., Breer, H., and Krieger, J. (2014). The sensory neurone
membrane protein SNMP1 contributes to the sensitivity of a pheromone
detection system. Insect Mol. Biol. 23, 733-742. doi: 10.1111/imb.12119

Robertson, H. M., and Kent, L. B. (2009). Evolution of the gene lineage encoding
the carbon dioxide receptor in insects. J. Insect Sci. 9:19. doi: 10.1673/031.009.
1901

Robertson, H. M., Warr, C. G., and Carlson, J. R. (2003). Molecular evolution of the
insect chemoreceptor gene superfamily in Drosophila melanogaster. Proc. Natl.
Acad. Sci. U.S.A. 100, 14537-14542. doi: 10.1073/pnas.2335847100

Rytz, R., Croset, V., and Benton, R. (2013). Ionotropic receptors (IRs):
chemosensory ionotropic glutamate receptors in Drosophila and beyond. Insect
Biochem. Mol. Biol. 43, 888-897. doi: 10.1016/j.ibmb.2013.02.007

Sanchez-Gracia, A., Vieira, F. G., and Rozas, J. (2009). Molecular evolution of
the major chemosensory gene families in insects. Heredity 103, 208-216. doi:
10.1038/hdy.2009.55

Sato, K., Pellegrino, M., Nakagawa, T., Vosshall, L. B., and Touhara, K. (2008).
Insect olfactory receptors are heteromeric ligand-gated ion channels. Nature
452, 1002-1006. doi: 10.1038/nature06850

Schoville, S. D., Chen, Y. H., Andersson, M. N., Benoit, J. B., Bhandari, A.,
Bowsher, J. H., et al. (2018). A model species for agricultural pest genomics: the

Frontiers in Physiology | www.frontiersin.org

September 2018 | Volume 9 | Article 1365


https://doi.org/10.1016/j.cub.2017.06.077
https://doi.org/10.1006/geno.1999.5894
https://doi.org/10.1006/geno.1999.5894
https://doi.org/10.1016/j.ibmb.2012.11.002
https://doi.org/10.1016/j.ibmb.2012.11.002
https://doi.org/10.1038/ncomms11866
https://doi.org/10.1038/nbt.1883
https://doi.org/10.1073/pnas.1017963108
https://doi.org/10.1093/chemse/bjj059
https://doi.org/10.1016/j.neuron.2011.11.003
https://doi.org/10.1101/gr.239402
https://doi.org/10.1038/nature11041
https://doi.org/10.1038/nature11041
https://doi.org/10.1016/j.ibmb.2008.11.004
https://doi.org/10.3389/fevo.2015.00026
https://doi.org/10.3389/fevo.2015.00026
https://doi.org/10.1080/106351501753462812
https://doi.org/10.1046/j.0300-3256.2001.00079.x
https://doi.org/10.1046/j.0300-3256.2001.00079.x
https://doi.org/10.1016/j.ibmb.2015.09.007
https://doi.org/10.1016/j.neuron.2014.07.012
https://doi.org/10.1016/j.neuron.2014.07.012
https://doi.org/10.3389/fevo.2014.00065
https://doi.org/10.1007/BF02033647
https://doi.org/10.1046/j.1460-9568.2002.02109.x
https://doi.org/10.1046/j.1460-9568.2002.02109.x
https://doi.org/10.1073/pnas.0700079104
https://doi.org/10.1016/j.neuron.2004.08.019
https://doi.org/10.1016/j.neuron.2004.08.019
https://doi.org/10.1146/annurev-ento-120811-153635
https://doi.org/10.1146/annurev-ento-120811-153635
https://doi.org/10.1371/journal.pgen.1004600
https://doi.org/10.1016/j.ibmb.2018.05.005
https://doi.org/10.1007/s11068-005-5054-8
https://doi.org/10.1007/s11068-005-5054-8
https://doi.org/10.7554/eLife.02115
https://doi.org/10.7554/eLife.02115
https://doi.org/10.1016/bs.pmbts.2014.11.003
https://doi.org/10.1016/bs.pmbts.2014.11.003
https://doi.org/10.1007/s00441-003-0766-5
https://doi.org/10.1007/s00441-003-0766-5
https://doi.org/10.1038/nrg2480
https://doi.org/10.1016/j.ibmb.2007.11.003
https://doi.org/10.1007/s00018-005-5607-0
https://doi.org/10.1007/s00018-005-5607-0
https://doi.org/10.1093/bioinformatics/btg034
https://doi.org/10.1093/bioinformatics/btg034
https://doi.org/10.1111/imb.12119
https://doi.org/10.1673/031.009.1901
https://doi.org/10.1673/031.009.1901
https://doi.org/10.1073/pnas.2335847100
https://doi.org/10.1016/j.ibmb.2013.02.007
https://doi.org/10.1038/hdy.2009.55
https://doi.org/10.1038/hdy.2009.55
https://doi.org/10.1038/nature06850
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

Yuvaraj et al.

Chemoreception in Caddisflies and Moths

genome of the Colorado potato beetle, Leptinotarsa decemlineata (Coleoptera:
Chrysomelidae). Sci. Rep. 8:1931. doi: 10.1038/s41598-018-20154- 1

Stamatakis, A. (2014). RAXML version 8: a tool for phylogenetic analysis and
post-analysis of large phylogenies. Bioinformatics 30, 1312-1313. doi: 10.1093/
bioinformatics/btu033

Stengl, M., and Funk, N. W. (2013). The role of the coreceptor Orco in insect
olfactory transduction. J. Comp. Physiol. A 199, 897-909. doi: 10.1007/s00359-
013-0837-3

Sun, M., Liu, Y., Walker, W. B., Liu, C,, Lin, K., Gu, S., et al. (2013). Identification
and characterization of pheromone receptors and interplay between receptors
and pheromone binding proteins in the diamondback moth, Plutella xyllostella.
PLoS One 8:¢62098. doi: 10.1371/journal.pone.0062098

van Schooten, B., Jiggins, C. D., Briscoe, A. D., and Papa, R. (2016). Genome-
wide analysis of ionotropic receptors provides insight into their evolution in
Heliconius butterflies. BMC Genomics 17:254. doi: 10.1186/s12864-016-2572-y

Vieira, F. G., and Rozas, J. (2011). Comparative genomics of the odorant-
binding and chemosensory protein gene families across the Arthropoda: origin
and evolutionary history of the chemosensory system. Genome Biol. Evol. 3,
476-490. doi: 10.1093/gbe/evr033

Vogt, R. G. (2003). “Biochemical diversity of odor detection: OBPs, ODEs
and SNMPs,” in Insect Pheromone Biochemistry and Molecular Biology, eds
G. Blomquist and R. G. Vogt (San Diego, CA: Academic Press), 391-445.
doi: 10.1016/B978-012107151-6/50016-5

Vogt, R. G., Grofle-Wilde, E., and Zhou, J.-J. (2015). The lepidoptera odorant
binding protein gene family: gene gain and loss within the GOBP/PBP complex
of moths and butterflies. Insect Biochem. Mol. Biol. 62, 142-153. doi: 10.1016/j.
ibmb.2015.03.003

Vogt, R. G, Miller, N. E,, Litvack, R,, Fandino, R. A., Sparks, J., Staples, ., et al.
(2009). The insect SNMP gene family. Insect Biochem. Mol. Biol. 39, 448-456.
doi: 10.1016/§.ibmb.2009.03.007

Vogt, R. G., Prestwich, G. D., and Lerner, M. R. (1991). Odorant-binding-protein
subfamilies associate with distinct classes of olfactory receptor neurons in
insects. J. Neurobiol. 22, 74-84. doi: 10.1002/neu.480220108

Vogt, R. G., Rogers, M. E., Franco, M.-D., and Sun, M. (2002). A comparative study
of odorant binding protein genes: differential expression of the PBP1-GOBP2
gene cluster in Manduca sexta (Lepidoptera) and the organization of OBP genes
in Drosophila melanogaster (Diptera). J. Exp. Biol. 205, 719-744.

Vosshall, L., Amrein, H., Morozov, P., Rzhetsky, A., and Axel, R. (1999). A spatial
map of olfactory receptor expression in the Drosophila antenna. Cell 96,
725-736. doi: 10.1016/S0092-8674(00)80582-6

Vosshall, L. B, and Hansson, B. S. (2011). A unified nomenclature system for the
insect olfactory coreceptor. Chem. Senses 36, 497-498. doi: 10.1093/chemse/
bjr022

Vosshall, L. B., and Stocker, R. F. (2007). Molecular architecture of smell and taste
in Drosophila. Annu. Rev. Neurosci. 30, 505-533. doi: 10.1146/annurev.neuro.
30.051606.094306

Walker, W. B. III, Gonzalez, F., Garczynski, S. F., and Witzgall, P. (2016). The
chemosensory receptors of codling moth Cydia pomonella—expression in larvae
and adults. Sci. Rep. 6:23518. doi: 10.1038/srep23518

Waterhouse, R. M., Seppey, M., Simdo, F. A., Manni, M., loannidis, P.,
Klioutchnikov, G., et al. (2017). BUSCO applications from quality assessments

to gene prediction and phylogenomics. Mol. Biol. Evol. 35, 543-548. doi: 10.
1093/molbev/msx319

Wicher, D., Schifer, R., Bauernfeind, R., Stensmyr, M. C., Heller, R., Heinemann,
S. H,, et al. (2008). Drosophila odorant receptors are both ligand-gated and
cyclic-nucleotide-activated cation channels. Nature 452, 1007-1011. doi: 10.
1038/nature06861

Wistrand, M., Kall, L, and Sonnhammer, E. L. L. (2006). A general
model of G protein-coupled receptor sequences and its application to
detect remote homologs. Protein Sci. 15, 509-521. doi: 10.1110/ps.0517
45906

Yuvaraj, J. K., Andersson, M. N., Anderbrant, O., and Lofstedt, C. (2018a).
Diversity of olfactory structures: a comparative study of antennal sensilla in
Trichoptera and Lepidoptera. Micron 111, 9-18. doi: 10.1016/j.micron.2018.
05.006

Yuvaraj, J. K., Andersson, M. N., Corcoran, J. A., Anderbrant, O., and Lofstedt, C.
(2018b). Functional characterization of odorant receptors from Lampronia
capitella suggests a non-ditrysian origin of the lepidopteran pheromone
receptor clade. Insect Biochem. Mol. Biol. 100, 39-47. doi: 10.1016/j.ibmb.2018.
06.002

Yuvaraj, J. K., Corcoran, J. A., Andersson, M. N., Newcomb, R. D., Anderbrant, O.,
and Lofstedt, C. (2017). Characterization of odorant receptors from a non-
ditrysian moth, Eriocrania semipurpurella sheds light on the origin of sex
pheromone receptors in Lepidoptera. Mol. Biol. Evol. 34, 2733-2746. doi: 10.
1093/molbev/msx215

Zhan, S., Merlin, C., Boore, J. L., and Reppert, S. M. (2011). The monarch butterfly
genome yields insights into long-distance migration. Cell 147, 1171-1185. doi:
10.1016/j.cell.2011.09.052

Zhang, D.-D., and Léfstedt, C. (2013). Functional evolution of a multigene family:
orthologous and paralogous pheromone receptor genes in the turnip moth,
Agrotis segetum. PLoS One 8:¢77345. doi: 10.1371/journal.pone.0077345

Zhang, D.-D., and Lofstedt, C. (2015). Moth pheromone receptors: gene sequences,
function, and evolution. Front. Ecol. Evol. 3:105. doi: 10.3389/fev0.2015.00105

Zhang, Y. V., Nj, J., and Montell, C. (2013). The molecular basis for attractive
salt-taste coding in Drosophila. Science 340, 1334-1338. doi: 10.1126/science.
1234133

Zhao, C., Escalante, L. N., Chen, H., Benatti, T. R., Qu, J., Chellapilla, S., et al.
(2015). A massive expansion of effector genes underlies gall-formation in the
wheat pest Mayetiola destructor. Curr. Biol. 25, 613-620. doi: 10.1016/j.cub.
2014.12.057

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Yuvaraj, Andersson, Zhang and Lofstedt. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Physiology | www.frontiersin.org

16

September 2018 | Volume 9 | Article 1365


https://doi.org/10.1038/s41598-018-20154-1
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1093/bioinformatics/btu033
https://doi.org/10.1007/s00359-013-0837-3
https://doi.org/10.1007/s00359-013-0837-3
https://doi.org/10.1371/journal.pone.0062098
https://doi.org/10.1186/s12864-016-2572-y
https://doi.org/10.1093/gbe/evr033
https://doi.org/10.1016/B978-012107151-6/50016-5
https://doi.org/10.1016/j.ibmb.2015.03.003
https://doi.org/10.1016/j.ibmb.2015.03.003
https://doi.org/10.1016/j.ibmb.2009.03.007
https://doi.org/10.1002/neu.480220108
https://doi.org/10.1016/S0092-8674(00)80582-6
https://doi.org/10.1093/chemse/bjr022
https://doi.org/10.1093/chemse/bjr022
https://doi.org/10.1146/annurev.neuro.30.051606.094306
https://doi.org/10.1146/annurev.neuro.30.051606.094306
https://doi.org/10.1038/srep23518
https://doi.org/10.1093/molbev/msx319
https://doi.org/10.1093/molbev/msx319
https://doi.org/10.1038/nature06861
https://doi.org/10.1038/nature06861
https://doi.org/10.1110/ps.051745906
https://doi.org/10.1110/ps.051745906
https://doi.org/10.1016/j.micron.2018.05.006
https://doi.org/10.1016/j.micron.2018.05.006
https://doi.org/10.1016/j.ibmb.2018.06.002
https://doi.org/10.1016/j.ibmb.2018.06.002
https://doi.org/10.1093/molbev/msx215
https://doi.org/10.1093/molbev/msx215
https://doi.org/10.1016/j.cell.2011.09.052
https://doi.org/10.1016/j.cell.2011.09.052
https://doi.org/10.1371/journal.pone.0077345
https://doi.org/10.3389/fevo.2015.00105
https://doi.org/10.1126/science.1234133
https://doi.org/10.1126/science.1234133
https://doi.org/10.1016/j.cub.2014.12.057
https://doi.org/10.1016/j.cub.2014.12.057
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	Antennal Transcriptome Analysis of the Chemosensory Gene Families From Trichoptera and Basal Lepidoptera
	Introduction
	Materials and Methods
	Insects
	RNA Extraction and First-Strand cDNA Synthesis
	Sequencing, Assembly and Annotation
	PCR Confirmation and RACE-PCR Amplification
	Phylogenetic Analyses

	Results
	Assemblies
	Receptor Gene Families
	Odorant Receptors
	Gustatory Receptors
	Ionotropic Receptors

	Non-receptor Chemosensory Gene Families
	Odorant Binding Proteins
	Chemosensory Proteins
	Sensory Neuron Membrane Proteins


	Discussion
	Conclusion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


