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Insect odorant receptors (ORs) are key sensors of environmental odors and members
of the lepidopteran pheromone receptor subfamily are thought to play important roles
in mate finding by recognizing sex pheromones. Much research has been done to
identify putative pheromone receptors in lepidopteran males, but little attention has been
given to female counterparts. In this study, degenerate oligonucleotide primers designed
against a conserved amino acid region in the C-terminus of lepidopteran pheromone
receptors were used in 3’ RACE reactions to identify candidate pheromone receptors
expressed in the antennae of female navel orangeworm. Two near full-length transcripts
of 1469 and 1302 nt encoding the complete open reading frames for proteins of 446
and 425 amino acids, respectively, were identified. Based on BLAST homology and
phylogenetic analyses, the putative proteins encoded by these transcripts are members
of the lepidopteran pheromone receptor subfamily. Characterization of these transcripts
indicates that they are alternatively spliced products of a single gene. Tissue expression
studies indicate that the transcripts are female-biased with detection mainly in female
antennae. To the best of our knowledge, these transcripts represent the first detection
of alternatively spliced female-biased members of the lepidopteran pheromone receptor
subfamily.

Keywords: odorant receptor, pheromone receptor subfamily, alternative splicing, navel orangeworm, 3’ RACE

Introduction

The insect chemosensory system is critical for the detection of chemical cues in the environment,
processing these signals in the central nervous system and eliciting behavioral responses to these
stimuli (Smith, 2007). Within the chemosensory system, olfaction plays an important role in mate
and host plant seeking behaviors (Depetris-Chauvin et al., 2015). Two major molecular components
of the olfactory system are odorant binding proteins, which serve as a link between the external
environment to shuttle hydrophobic volatile compounds through the sensillar lymph, and odorant
receptors (ORs), which serve as key detectors of olfactants present in the environment and when
bound by ligand, play a role in transducing signals along the olfactory neuron (Leal, 2013). ORs
are part of a diverse family of seven transmembrane domain proteins, which are located on the
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dendritic membranes of olfactory neurons. The first insect
ORs were identified from the Drosophila genome (Clyne et al.,
1999; Gao and Chess, 1999; Vosshall et al., 1999) and their
structure is quite different from their mammalian counterparts
(Bargmann, 2006; Benton, 2006). Because ORs show poor
sequence homologies both within and between species, they have
been identified mainly through bioinformatic algorithms to scan
completed genomes or transcriptome sequences.

For the Lepidoptera, the first ORs were identified from
Bombyx mori and Heliothis virescens through analysis of
sequenced genomes (Krieger et al., 2004, 2005; Sakurai et al.,
2004; Nakagawa et al., 2005). Further mining of the B. mori
genome led to the identification of 48 ORs, and a subfamily,
grouped by relatedness, contained putative pheromone receptors
from both B.mori and H.virescens (Wanner et al., 2007).
Subsequently, members of this subfamily have been referred
to as male-biased sex pheromone receptor clade (Jordan et al.,
2009), sex pheromone receptor subfamily (Miura et al., 2009,
2010; Wanner et al., 2010), pheromone receptors (Patch et al.,
2009; Grofle-Wilde et al., 2010), and male-specific OR subfamily
(Mitsuno et al., 2008). To gain a better understanding of
how lepidopteran sex pheromones work at the molecular level,
research to identify and characterize pheromone receptors in
males has been the topic of much research (Krieger et al., 2004,
2005; Sakurai et al., 2004; Nakagawa et al., 2005; Grof3e-Wilde
et al., 2007, 2010; Wanner et al., 2007, 2010; Mitsuno et al., 2008;
Jordan et al., 2009; Miura et al., 2009, 2010; Patch et al., 2009; Xu
etal,, 2012). However, some members of the pheromone receptor
subfamily are also activated by plant kairomones (Jordan et al.,
2009; Bengtsson et al., 2014), indicating that not all of these
ORs respond to pheromones. Because of the importance of
male sex pheromone receptors in enhancing mating disruption
in lepidopteran pest control programs, much research has
gone into their discovery and characterization, however, female
attractants and their ORs remain an untapped resource for future
lepidopteran control efforts.

The navel orangeworm, Amyelois transitella Walker
(Lepidoptera:Pyralidae), is the major insect pest of almonds
and pistachios in California, as well as a pest of other crops
including walnuts and figures. Control of navel orangeworm
is mainly achieved with sanitation techniques and by using
pyrethroids and insect growth regulators, but other control
methods using sex pheromones for mating disruption, and
female attractants or oviposition attractants are sorely needed
(Higbee et al., 2014). Recently, two pheromone subfamily
receptors from navel orangeworm males have been identified
and characterized (Xu et al., 2012). In this current study, we
describe the identification of two transcripts expressed in
antennae of navel orangeworm females that encode ORs with
high similarity to those belonging to the lepidopteran pheromone
receptor subfamily. A degenerate primer approach was used to
identify the expressed transcripts (Garczynski et al., 2012) and
the cDNAs encoding the full open reading frames were obtained
using 5’RACE. Comparison of these sequences indicated that
they may be produced by alternative splicing. Alternative splicing
is a mechanism by which multiple mRNAs can be produced from
a single gene, thereby increasing an organism’s proteome (Nilsen

and Graveley, 2010; Kornblihtt et al., 2013). To characterize the
navel orangeworm transcripts, we included comparison of the
cDNA transcript sequences to a partial cloned gene sequence
and determined their tissue expression profiles. Implications of
these results are discussed.

Materials and Methods

Insects and Dissection

Male and female pupae were obtained from Bradley Higbee,
Research Entomologist (Paramount Farming Co., Bakersfield,
CA) and antennae were dissected from 50 adults within 24 h
of emergence and placed directly into 1.5ml microfuge tubes
containing 100 1 RNAlater® (Ambion, Austin, TX). Antennae
in RNAlater® were stored for up to 4 weeks at 4°C until
RNA was extracted (see below). Insects for expression studies
were obtained from a lab colony maintained at University
of California, Davis. For expression studies, antennae, heads,
thoraces, and abdomens were dissected from newly eclosed adults
(0-24h old), placed into tubes containing 100 .l RNAlater® and
stored at 4°C until the RNA was extracted.

RNA Extraction, cDNA Synthesis, Genomic DNA
Extraction

Total RNA was extracted from dissected antennae, heads,
thoraces and abdomens using the RNeasy® Plus Mini Kit
(Qiagen, Valencia, CA) according to the manufacturer’s protocol
for purification of total RNA from animal tissues. SuperScript®
II First-Strand Synthesis SuperMix (Invitrogen, Carlsbad, CA)
was used to generate cDNA from total RNA extracted from
male and female antennae using the CDSIII/3'PCR primer
and SMART II"™ A oligonucleotide (Clontech, Mountain View,
CA). Double-strand (ds) cDNAs and cDNA amplification were
performed using components and procedures of the SMART™
PCR cDNA Synthesis Kit (Clontech, Mountain View, CA).
Amplified cDNAs were purified using the High Pure PCR
Product Purification Kit (Roche Applied Science, Indianapolis,
IN) according to the manufacturer’s instructions. Genomic DNA
was prepared from adult male and female abdomens using
the DNeasy® Tissue Kit (Qiagen, Valencia, CA) according to
the manufacturer’s protocol for purification of total DNA from
animal tissue. Total DNA was quantitated using the Quant-
iT™ PicoGreen® dsDNA assay kit (Invitrogen, Carlsbad, CA)
according to manufacturer’s instructions.

Identification of Pheromone Receptors by 3’
RACE Degenerate Primer PCR

Identification of putative members of the pheromone receptor
family was achieved by amplifying cDNA using degenerate
primers designed against a conserved amino acid region in
the C-terminus of lepidopteran pheromone receptors and a
3’Rapid amplification of ¢DNA ends (RACE) protocol as
previously described (Garczynski et al., 2012). PCR reactions
were set up using amplified antennal cDNA as template and the
forward primer PRO (5-GTNCCNTGGGARTAYATGGAYAC-
3’; Garczynski et al, 2012) and CDSIII/3’PCR as the reverse
primer using the following conditions: initial denaturation for
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5min at 94°C, then amplification for 30's at 94°C, 30s at 62°C,
3min at 72°C for 40 cycles, followed by a final 5min 72°C
incubation. PCR products were separated on 1.2% agarose gels
containing ethidium bromide and visualized on a UV light box.
Excised bands were extracted and purified using GenElute minus
EtBr spin columns (Sigma, St. Louis, MO), and the purified
PCR products were cloned using the TOPO TA cloning kit for
sequencing (Invitrogen, Carlsbad, CA) with TOP 10 Escherichia
coli chemically competent cells. Plasmid DNA was extracted
from picked colonies using the QIAprep spin mini prep kit
(Qiagen, Valencia, CA). The cDNA clones were sequenced at MC
Laboratories (MCLab, San Francisco, CA).

Cloning Full Length Receptor Transcripts

To amplify the 5 end of the female ORs identified above,
a 5RACE protocol was performed using the SMART™
RACE ¢DNA amplification kit (Clontech, Mountain View, CA)
according to manufacturer supplied protocols. For 5RACE, first
strand ¢cDNA was prepared as above except that total RNA
was converted to cDNA using the 5'-RACE CDS Primer A
and SMART II"™ A oligonucleotide (Clontech, Mountain View,
CA). From the cDNA sequences obtained above, reverse primers
were designed for use in 5’'RACE reactions using the Primer3
(v 0.4.0; http://frodo.wi.mit.edu/primer3/). Amplification was
performed using the 10X Universal Primer A Mix as forward
primer and sequence specific primers (AtraOR4 5RACE Revl:
5- GAAAAGTGAAATACGACGGCGATG-3' and AtraOR4
5'RACE Rev2: 5'- CCATATCCGTAACTCCGAGAGCC-3') and
the following conditions; initial denaturation for 3min at
94°C, then amplification for 30s at 94°C, 2min at 72°C for
40 cycles, followed by a final 5min 72°C incubation. PCR
products were separated on 1% agarose gels and excised, TA
cloned and sequenced as above. To obtain the full length
sequences of the open reading frames for each receptor, PCR
reactions were done with sequence specific primers (AtraOR4
ORF Fwd: 5-GTATTTAAAATGGATATCAGTGCACAAAAT
AGAGC -3’ and AtraOR4 ORF Rev: 5- CTACTTGCATAA
ATTAATCAATTTTTCGTAGAAAAGTG-3') and the reaction
conditions above. PCR products were cloned and sequenced as
above, and the consensus sequence of three clones was generated
in Geneious (version 7.1.9 created by Biomatters, available from
http://www.geneious.com/). To determine identity of encoded
proteins, tblastn on the National Center for Biotechnology
Information website was used (http://blast.ncbi.nlm.nih.gov/
Blast.cgi).

Classification of the AtraOR4 Receptors

Phylogenetic and evolutionary analyses were conducted using
MEGAS software (Tamura et al., 2011) to classify the AtraOR4
pheromone subfamily receptors. Amino acid sequences for ORs
identified from B. mori (Wanner et al., 2007) and H. virescens
(Krieger et al., 2002, 2004) along with odorant receptor members
of the pheromone receptor subfamily from Ostrinia nubialis
(Wanner et al., 2010), Manduca sexta (Patch et al., 2009), Cydia
pomonella (Bengtsson et al., 2012; Garczynski, unpublished),
Plutella xylostella (Mitsuno et al., 2008), Mythimna separata
(Mitsuno et al., 2008), Diaphania indica (Mitsuno et al., 2008),

and A. transitella (this study) were aligned using the Clustal W
program (Thompson et al., 1994) built into the MEGAS5 software.
The bootstrap consensus tree was inferred from 500 replicates
(Felsenstein, 1985) and branches corresponding to partitions
reproduced in less than 50% bootstrap replicates are collapsed.
The percentage of replicate trees in which the associated taxa
clustered together in the bootstrap test (500 replicates) are shown
next to the branches (Felsenstein, 1985). The tree is drawn
to scale, with branch lengths in the same units as those of
the evolutionary distances used to infer the phylogenetic tree.
The evolutionary distances were computed using the Poisson
correction method (Zuckerkandl and Pauling, 1965) and are in
the units of the number of amino acid substitutions per site. The
analysis involved 78 amino acid sequences. All positions with less
than 50% site coverage were eliminated. That is, fewer than 50%
alignment gaps, missing data, and ambiguous bases were allowed
at any position. There were a total of 406 positions in the final
dataset.

Amplification of AtraOR4 Gene

To amplify the 3" end of the AtraOR4 gene, gene specific primers
derived from cDNA sequences were used (AtraOR4 3'UTR Fwd1:
5- GAACAGGGAGAATCGATTCATCG-3' and AtraOR4 ORF
Rev: see above; 200 nM final concentration) in PCR reactions
with genomic DNA as template and using Advantage Taq
polymerase (Clontech). PCR reactions were carried out using the
following conditions; initial denaturation for 3 min at 94°C, then
amplification for 20 s at 94°C, 20's at 62°C, 3 min at 72°C for 40
cycles, followed by a final 5 min 72°C incubation. PCR products
were separated on 1% agarose gels and excised and TA cloned as
described above. Resultant gene clones were sequenced and the
consensus sequence of three clones was generated in Geneious
(version 7.1.9 created by Biomatters, available from http://www.
geneious.com/).

Analysis of Receptor Expression

To determine which tissues express AtraOR4, reverse
transcription PCR (RT-PCR) was used. Total RNA was
extracted from antennae, heads, thoraces, and abdomens as
above, and quantitated using the Quant-iT™ RiboGreen®
RNA assay kit (Invitrogen, Carlsbad, CA). First strand cDNA
synthesis was performed as above, using 100 ng of total RNA and
primed with 5'-RACE CDS Primer A. PCR amplification was
done using gene specific primers (200 nM final concentration)
to detect AtraOR4 (AtraOR4 3'UTR Fwdl and AtraOR4
ORF Rev; sequences are above), AtraOrco (AtraOrco Fwd:
5- AGATGTTGGCTCGTTCTGCT-3’ and AtraOrco Rev:
5- AAGCCGCTTCCATTACTGAC-3') and Actin (Actin
1F: 5- GGTCGCGATCTCACAGACTA-3" and Actin 1R: 5'-
TCGAGTTGTAGGTGGTTTCG-3'), and c¢DNA template
equivalent to 5 ng of input RNA using the following conditions;
initial denaturation for 3min at 94°C, then amplification for
20s at 94°C, 20s at 62°C, 30s at 72°C for 35 cycles, followed
by a final 5min 72°C incubation. PCR products were separated
by loading 1/4th of the total reaction onto 1.5% agarose gels
and visualized on a UV light box. To confirm identity of
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PCR products, bands were excised, TA cloned and sequenced
as above.

Results

Analysis of cDNA and Deduced Amino Acid
Sequences of AtraOR4 Transcripts

To detect potential pheromone receptor subfamily members
expressed in the antennae of female navel orangeworm,
degenerate primers and a 3’ RACE technique was used
(Garczynski et al.,, 2012). The 3’ end of cDNAs of transcripts
present in female antennae were amplified and PCR products
visualized on agarose gels were excised and TA cloned (data not
shown). The cDNA sequence of one clone encoded for a putative
pheromone receptor subfamily member (named AtraOR4) based
on homology of TBLASTN searches using the deduced amino
acid sequence against those present in the NCBI non-redundant
nucleotide database (data not shown).

The ¢cDNA sequence obtained by 5 RACE encompassed
the putative start methionine of AtraOR4 (data not shown).
An oligonucleotide primer encompassing the nucleotides
surrounding the start methionine was designed and used in
a 3’ RACE reaction to amplify the cDNA encoding the full
open reading frame. Two PCR products (~1550 and 1400 bp)
were visualized on agarose gels (Figure1A), excised and

TA cloned. The nucleotide sequences of the PCR products
were determined, yielding actual transcript lengths of 1469
(GenBank ID: JN701807) and 1302 nt (GenBank ID: JN701806)
encoding for 446 and 425 amino acids (Figure S1B and Figure
S1A, respectively). The 1302 nt transcript was designated
AtraOR4 and the 1469 nt transcript, AtraOR4A. Alignment
of the nucleotide sequences of these transcripts showed that
they were nearly identical except for an additional 167 nt
internal sequence in the 3’ end of the longer AtraOR4A
transcript (Figure S2, Supplementary Material). Alignment of
the deduced amino acid sequences revealed that the two putative
proteins are nearly identical for the first 349 amino acids, and
then diverge at the C-terminus (Figure S3, Supplementary
Material).

To determine if AtraOR4 and AtraOR4A are putative
members of the lepidopteran pheromone receptor subfamily,
TBLASTN searches (Altschul et al., 1990) were done using
the deduced amino acid sequences against the NCBI non-
redundant nucleotide database limited to arthropods. AtraOR4
and AtraOR4A displayed 34-41% identity with the top 15
published blast hits (E-values ranging from 1.00~77 to 2.0071%%)
and all of the similar sequences were members of the pheromone
receptor subfamily (data not shown). These results indicate
that on the basis of amino acid sequence homology, AtraOR4,
and AtraOR4A are members of the lepidopteran pheromone
receptor subfamily. To confirm these results, a phylogenetic

B
1 00() m—

50() m—

4()() e
FIGURE 1 | PCR detection of AtraOR4 and AtraOR4A transcripts and 3’ end of AtraOR4 gene. (A) Full-length transcripts amplified by 3" RACE. Amplification
products were generated by 3" RACE and visualized on 1% agarose gels by ethidium bromide staining and UV illumination. (B) RT-PCR detection of the 3’ end of
AtraOR4 and AtraOR4A transcripts. Amplification using RT-PCR and transcript specific primers. PCR products were visualized on 1.5% agarose gels by ethidium
bromide staining and UV illumination. (C) PCR detection of the 3" end of AtraOR4 gene. Amplification was done using transcript specific primers and PCR product
was visualized on 1% agarose gels by ethidium bromide staining and UV illumination.
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analysis was performed and a tree was constructed. The amino
acid sequences of 78 lepidopteran ORs, including 26 putative
pheromone subfamily receptors, were aligned using ClustalW
and the resulting Neighbor Joining tree shows that AtraOR4
and AtraOR4A cluster within the pheromone receptor subfamily
(Figure 2).

Analysis of the 3' Region of AtraOR4 Transcripts
and AtraOR4 Gene

To further analyze the 3’ regions of the two nearly identical
transcripts encoding AtraOR4 and AtraOR4A, specific
oligonucleotide primers upstream of the divergent 3’ nucleotide
sequences were designed for use in 3" RACE. Consistent with the
results above (Figure 1A), two PCR products of approximately
250 and 400 nt were detected in the 3’ RACE reaction performed
with the transcript specific primers (Figure 1B). The DNA
sequence of these products indicated, as above, that they are
nearly identical except for an additional 167 nt of internal
sequence in the AtraOR4A product (Figure S2, Supplementary
Material). Because the dinucleotide AG was at the end of the
additional 167 nt internal sequence and directly preceded the end
of the shorter transcript we considered the possibility that these
two transcripts were alternatively spliced products of the same
gene. To test this, oligonucleotide primers encompassing the 3’
end of the transcripts were used in PCR reactions to amplify
genomic DNA. A single product of approximately 1300 bp was
detected on agarose gels (Figure 1C) from the PCR amplification
using the transcript specific primers. These results indicated that
the AtraOR4 and AtraOR4A transcripts were produced from the
same gene.

To determine if the AtraOR4 and AtraOR4A transcripts were
generated from the same gene, the PCR product of the genomic
DNA amplification was cloned and sequenced. The cloned
gene product was 1271 bp (Figure 3; GenBank ID: JN701808).
Alignment of the 3’ regions of the AtraOR4 and AtraOR4A
transcripts with the genomic DNA showed that their sequences
are identical and contained within the gene sequence (Figure 3).
The AtraOR4 gene sequence contains an intron with a canonical
dinucleotide GT splice site shared by both the AtraOR4 and
AtraOR4A transcripts. For AtraOR4A, a canonical dinucleotide
AG splice site is located 931 bp downstream yielding the 3’
end of its transcript and a canonical dinucleotide AG splice
site is located 1098 bp downstream for the AtraOR4 transcript
(Figure 3).

Tissue Expression Profile of AtraOR4

To determine where the AtraOR4 and AtraOR4A transcripts
are expressed in adult males and females, a tissue expression
profile using RT-PCR was performed with cDNA prepared from
total RNA extracted from dissected antennae, heads (without
antennae), thoraces, and abdomens (Figure 4). Expression of
AtraOR4 and AtraOR4A was female-biased, with PCR products
detected mainly in female antennae (Figure 4, top). AtraOrco, a
conserved co-receptor that forms heteromers with ORs in insects
(Larsson et al., 2004; Orco has previously been called OR83b
in Drosophila, OR2 in lepidopterans and OR7 in mosquitoes),
expression was detected in male antennae and to a lesser extent
in heads, and in female antennae and to a lesser extent in heads

and abdomens (Figure 4, middle). As a control, primers to detect
AtraActin were used and it was detected in all tissues (Figure 4,
bottom).

Discussion

Using degenerate oligonucleotide primers and 3’ RACE
(Garczynski et al., 2012), we have identified two transcripts
expressed in antennae of female navel orangeworm that encode
putative members of the lepidopteran pheromone receptor
subfamily. Analysis of cDNAs containing full-length ORFs
indicate that these transcripts appear to be the products of
alternative splicing from a single gene. Comparison of the
transcript nucleotide sequences with genomic DNA sequence
support that AtraOR4 and AtraOR4A are produced from the
same gene by alternative splicing. Phylogenetic analysis supports
that the proteins encoded by the AtraOR4 and AtraOR4A
transcripts are members of the lepidopteran pheromone
receptor subfamily. Tissue expression profiles indicate that
these transcripts are mainly found in female antennae. While
female-biased ORs have been previously identified in B. mori
(Wanner et al,, 2007; Anderson et al., 2009), these ORs were
not homologous to members of the lepidopteran pheromone
receptor subfamily. We believe AtraOR4 and AtraOR4A to be
the first example of alternatively spliced, female-biased members
of the lepidopteran pheromone receptor subfamily.

Alternative splicing is a common mechanism used to produce
multiple proteins from a single gene and this process can
significantly increase the size of an organism’s proteome. For
mammalian ORs, alternative splicing is extensive, but rarely
occurs within the coding region (Volz et al, 2003; Young
et al., 2003). Alternative splicing at the N-termini of ORs and
mainly, gustatory receptors has been detected for Drosophila,
Anopheles, Aedes, and Tribolium (Clyne et al., 2000; Hill et al,,
2002; Robertson et al,, 2003; Abdel-Latief, 2007; Kent et al.,
2008), however, this is the first evidence of alternative splicing
changing the C-terminal amino acid sequence in an OR from
insects. The extent of alternative splicing of insect OR genes is
unknown. Because most lepidopteran (and other insects) ORs
are being identified from de novo assembled transcriptomes,
detection of alternate spliced products may be difficult because
of the limitations of bioinformatic resources (Florea, 2006). Until
bioinformatics resources become sufficient enough to assemble
and predict alternative spliced products, traditional methods
of sequencing RACE amplified transcripts can still be used to
identify alternately spliced OR gene products.

The predicted protein products for AtraOR4 and AtraOR4A
align most closely with members of the pheromone receptor
subfamily. In this current study, we did not attempt to determine
odorant ligands for the protein products encoded by the AtraOR4
and AtraOR4A transcripts, but we expect that they will be
either pheromone(s) or host-plant volatile(s) in nature. For
some lepidopteran pheromone receptor subfamily members,
the ligands for these ORs are sex pheromones (for examples
see Sakurai et al., 2004; Wanner et al.,, 2010; Xu et al.,, 2012
among others). However, not all pheromone receptor subfamily
members respond to sex pheromones. For B. mori, odorants
that activate only OR1 (bombykol) and OR3 (bombykal) have

Frontiers in Ecology and Evolution | www.frontiersin.org

October 2015 | Volume 3 | Article 115


http://www.frontiersin.org/Ecology_and_Evolution
http://www.frontiersin.org
http://www.frontiersin.org/Ecology_and_Evolution/archive

Garczynski and Leal

Alternatively spliced odorant receptor transcripts

BmorOR41
HvirOR10

BmorOR31
BmorOR10
BmorOR16
HvirOR17
BmorOR23A
10089 BmorOR26
BmorOR45
BmorOR47
BmorOR46
BmorOR48
BmorOR12
BmorOR15
BmorOR13
HvirOR8
BmorOR18

HvirOR3

— BmorORco
100— HvirORco

I BmorOR36

98 BmorOR32
Bl smorow
100 BmorOR29
BmorOR42

BmorOR25
97 HvirOR9
99 BmorOR23
BmorOR11
HvirOR7
HvirOR12
89 BmorOR24
100 BmorOR33

—'Lml— L BmorOR34
BmorOR30

BmorOR14
95 HirOR20
100 BmorOR28
100 HvirOR18
BmorOR21
95 BmorOR22
HvirOR19

I BmorOR8
100 BmorOR17

HvirOR21
100 98 BmorOR20
BmorOR6  __
OnubOR1
10% OnubORS5
DindOR1
76 = OnubOR4

94 — CpomOR4

100|1_00|: CpomOR124

CpomOR5
BmorOR4
5 BmorOR9
BmorOR5
BmorOR7
¥ 100 BmorOR1 Pheromone

DindOR3 L
PxylOR1 Receptor

| | HvirOR13 .
100 MsepOR3 Sub-Family
] QQL— AtraOR4A
AtraOR4
BmorOR3
MsexOR1
HvirOR11
75 HvirOR16
77 HvirOR6
100 MsepOR1
10 HvirOR14
84 HvirOR15 .

100

BmorOR37

—
BmorOR38
60 LI_|_ BmorOR35

56 BmorOR39

———

0.2

FIGURE 2 | Neighbor joining tree of AtraOR4 and AtraOR4A with 78 lepidopteran ORs, including 26 putative pheromone subfamily receptors from the
following insects: Bombyx mori (Bmor), Heliothis virescens (Hvir), Ostrinia nubialis (Onub), Manduca sexta (Msex), Cydia pomonella (Cpom), Plutella
xylostella (Pxyl), Mythimna separata (Msep), Diaphania indica (Dind), and Amyelois transitella (Atra).
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AtraOR4gen 1
AtraOR4A
AtraOR4

AtraOR4gen 74

GAACAGGGAGAATCGATTCATCGTGCTAATTCTACTGATGAACGTCCAGAAACCGGTGAGGGTGAAGGCTCTC
GAACAGGGAGAATCGATTCATCGTGCTAATTCTACTGATGAACGTCCAGAAACCGGTGAGGGTGAAGGCTCTC
GAACAGGGAGAATCGATTCATCGTGCTAATTCTACTGATGAACGTCCAGAAACCGGTGAGGGTGAAGGCTCTC

GGAGTTACGGATATGGGTGTGGCTACTGTCGCTTCT@AAGTAACATACGTTAATTATACATAAATAAATATA

AATAAAAATAAATATATACGGGACAAATAACACAGATTGAGTTAGCCTCGAAGTAAGACTGAAACTTGTGTTA
CGATGTTACTAACTCAACGATACTATATTTTATAATAAATACTTATATAGATAAACATCCAAGACCCAGGCCA
ATCAGAGAAAGTTCGTTTCTCATCATGCCCTAGCCGGGATTCGAACCCGGCACCTCCGGTGACACAGACAAGC
GCACTACCGCTGCGCCACAGAGGCCGTCTACATACATACATACATATCATCACGTCTATATCCCTTGCGGAGT
AAACAGAGCCAACAGACTGGAAAACACTGAAAAGCTACGTTCAGCTGTTTGGCTTAATGTTAGAATTGAGATT
CAAATAAAGAGAGGTTGCTTGCTTATCGCCTAAAAGAAGAATCTCAAGTTTGTAAGCCAATCCCTTAGTCCCT
TTTACGTCATCCATGGAAAGGAGATGGCATAGTCCTATTCTTTTTTCTGTTGGTGCCGGGAAACACACGGCAC
GATTAATGTTACAAAAGATGTTACTAGTAATTTTCCAGAATAACACATCAGACTTATTTGGGCATACAACCAT
TATAACGATAGACAAGATACATAGATTATGATCATCACACCTCTGGAAACGGCTCCCATTTGATGAATTTATT
TGGTTAACATTTCTTTTTTCTTTCTTTCTTCCTCACCCTTGGCGTTAATCCTAGTCGCGTCCTCAGAGAGTAA
CTCTAAATGCGCCAATGATCACAATTTAAGGAGTTATGTACTAATATTATGCCTTGTGGTTCCCAGCACCAAT
ACAAAAAGAATAGACCAAACCATATCTTTCCCATGGATGTCGTAAAAGGCGACTAAGGGATAGGCTTATAAAA

TTGCGATTCTTTTTTT@GCGATGGGCTGGCAACCTGTCACTATTTGGATCTCAATTCCATCATTAAGCCGAG
GCGATGGGCTGGCAACCTGTCACTATTTGGATCTCAATTCCATCATTAAGCCGAG

CAGCTGAACGTGGCCATTCAGTCTTTTCGGGACTAATGGTATATGTATGTATGTACTAAAAACTTAATCCCGC
CAGCTGAGCGTGGCCATTCAGTCTTTTCGGGACTAATGGTATATGTATGTATGTACTAAAAACTTAATCCCGC

TTZ—\TACTTGTTGCTTZ—\AAATTTGTTATTAATTATTCC@ATAATAAAAACATCGCTGTCGTATTTCACTTTTC
TTATACTTGTTGCTTAAAATTTGTTATTAATTATTCCAGATAATAAAAACATCGCTGTCGTATTTCACTTTTC
ATAATAAAAACATCGCTGTCGTATTTCACTTTTC

AtraOR4A GGAGTTACGGATATGGGTGTGGCTACTGTCGCTTCT
AtraOR4 GGAGTTACGGATATGGGTGTGGCTACTGTCGCTTCT
AtraOR4gen 147

220

293

366

439

512

585

658

731

804

877

950
AtraOR4gen 1023
AtraOR4A
AtraOR4gen 1096
AtraOR4A
AtraOR4gen 1169
AtraOR4A
AtraOR4
AtraOR4gen 1242 TACGAAAAATTGATTAATTTATGCAAGTAG
AtraOR4A TACGAAAAATTGATTAATTTATGCAAGTAG
AtraOR4 TACGAAAAATTGATTAATTTATGCAAGTAG

FIGURE 3 | Partial genomic DNA sequence encoding 3’ end of AtraOR4 and alignment of AtraOR4 and AtraOR4A transcripts. AtraOR4 genomic DNA
sequence is in black, AtraOR4A is in red, and AtraOR4 is in blue. Putative splice sites are @ for excision and @ insertion.

Male
Ant H Th Ab

Female
Ant H Th Ab

AtraOr4/Or4A

AtraOrco

AtraActin

FIGURE 4 | AtraOR4 and AtraOR4A expression profile in cDNA prepared
from total RNA extracted from male and female antennae (Ant), heads
(H), thoraces (Th) and abdomens (Ab). Top: Detection of AtraOR4 and
AtraOR4A using transcript specific primers in reverse transcription PCR
(RT-PCR) reactions. Middle: Detection of AtraOrco using specific primers in
RT-PCR reactions. Bottom: Detection of AtraActin using specific primers in
RT-PCR reactions. For each panel, PCR products were visualized on 1.5%
agarose gels by ethidium bromide staining and UV illumination. Bands produced
were of the size predicted for the transcript specific primer pairs.

been identified while OR4, OR5, and OR6 remain orphans
(Nakagawa et al., 2005). Furthermore, two ORs belonging to
the pheromone receptor subfamily clade are activated by plant

volatiles. In the light brown apple moth, Epiphyas postvittana,
a pheromone receptor subfamily member, EpOR1, is stimulated
by several plant volatiles with the strongest binding to methyl
salicylate (1.8 x 10712 M) and geraniol (5.8 x 10~ M) (Jordan
et al, 2009). More recently, a codling moth, C. pomonella,
pheromone receptor subfamily member, CpomOR3, was shown
to be activated by pear ester, an important host plant kairomone
for this insect (Bengtsson et al., 2014). Perhaps the categorization
of the pheromone receptor subfamily (aka male-biased sex
pheromone receptor clade, sex pheromone receptor subfamily,
pheromone receptors, and male-specific OR subfamily) should
be reconsidered until a significant number of receptors has been
de-orphanized.

There is not much information on the structure/function
relationships of ligand binding for insect ORs. Much work is
being done to determine which ligands activate different ORs,
but this line of research does not tell us where on the receptors
the odorants are binding. Recently, it has been determined that
the C-terminal amino acids are important for odor specificity,
namely conferring enantiomeric selectivity (Hill et al.,, 2015).
Because alternate spliced products of AtraOR4 and AtraOR4A
results in changes of the C-terminal amino acids of these
proteins, it is possible that these changes enable these receptors to
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recognize different ligands or discriminate different enantiomers
of their ligands. However, until further characterizations of ORs
are completed the role of the C-terminal amino acids in ligand
binding remains speculative.
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