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Plant volatiles mediate host discrimination and host finding in phytophagous insects.
Understanding how insects recognize these signals is a current challenge in chemical
ecology research. Pear ester, ethyl (E ,Z)-2,4-decadienoate, is a powerful, bisexual
attractant of codling moth Cydia pomonella (Lepidoptera, Tortricidae) and strongly
synergizes the male response to female-produced sex pheromone. \We show here that the
codling moth odorant receptor (OR) CpomOR3 is dedicated to detecting this plant volatile.
Heterologous expression of CpomOR3 in Drosophila T1 trichoid and ab3A basiconic
sensilla, followed by a screening with codling moth pheromone compounds and known
plant volatile attractants, confirms that CoomOR3 binds to pear ester. Although CoomOR3
does not respond to any of the pheromone components tested, a phylogenetic analysis
of lepidopteran chemosensory receptor genes reveals a close relationship of CoomOR3
with pheromone receptors (PRs) in moths. This corroborates the interaction of ecological
and social chemosensory cues during premating communication. The finding that a plant
volatile compound, pear ester, is a specific ligand for a PR-like lepidopteran receptor adds
to our understanding of insect-plant interactions and emphasizes the interaction of natural
and sexual selection during the phylogenetic divergence of insect herbivores.
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INTRODUCTION

Interactions between plants and insects shape many terrestrial
ecosystems, and the primary mode of communication between
plants and insects is chemical. Plant volatile chemicals mediate
recognition of adult food sites, adequate oviposition sites and lar-
val host plants (Bruce and Pickett, 2011) and accordingly play a
prominent role in premating reproductive isolation and phyloge-
netic diversification of insect herbivores (Dres and Mallet, 2002;
Smadja and Butlin, 2009; Matsubayashi et al., 2010). Decoding
the plant volatile signatures that enable insects to discriminate
between host and non-host plants is a long-standing research
challenge in chemical ecology (Dethier, 1947, 1982; Ehrlich and
Raven, 1964).

The identification of behaviorally active plant volatiles is a del-
icate and tedious task since plants release a large suite of volatiles,
with no apparent correlation between the relative abundance of
these compounds and their behavioral role in associated insects.
Moreover, a behavioral response is frequently elicited by com-
pound blends, where single compounds can often be exchanged
with no apparent loss of activity (Bengtsson et al., 2006; Tasin
et al., 2006, 2010; Pinero et al., 2008; Riffell et al., 2009; Cha
et al., 2011; Schmidt-Busser et al., 2011; Thoming and Knudsen,
2014). This makes it particularly difficult to determine which

plant volatiles encode host finding in phytophagous insects. In
comparison, the identification of insect sex pheromones is facili-
tated by the production of few compounds in dedicated glands in
one sex, together with a strong, distinctive behavioral response in
the other.

The larvae of codling moth, Cydia pomonella (Lepidoptera,
Tortricidae), feed on apple, pear, and walnut. The main sex
pheromone compound codlemone, (E,E)-8,10-dodecadien-1-ol,
was identified long ago (Roelofs et al., 1971; Beroza et al., 1974),
but it is still open to question which compounds evoke attraction
of egg-laying codling females to the plant host. Plant odorants
obviously account for host attraction in codling moth, and several
compounds from apple fruit and foliage elicit a strong antennal
response. However, these compounds produce only a rather weak
behavioral response (Bengtsson et al., 2001; Coracini et al., 2004;
Hern and Dorn, 2004; Witzgall et al., 2005).

The strongest known kairomonal attractant is a pear ester,
ethyl (E,Z)-2,4-decadienoate (Jennings et al., 1964; Berger and
Drawert, 1984; Willner et al., 2013), which attracts codling moth
adult males and females, as well as larvae (Knight and Light, 2001;
Light et al., 2001; Light and Knight, 2005). This makes pear ester
a versatile tool for sustainable insect control. It is used to mon-
itor the seasonal abundance of codling moth (Knight and Light,
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2012; Knight et al., 2013), as well as to enhance population control
by mating disruption, in blends with codlemone (Knight et al.,
2012). More recently, a microencapsulated formulation of pear
ester has been developed for disruption of larval orientation and
host finding (Light and Beck, 2012; Knight and Light, 2013).

Pear ester has been identified by screening codling moth anten-
nal response to a wide range of apple and pear volatiles, followed
by field trapping (Light et al., 2001; Light and Knight, 2005). Its
biological significance is, however, not entirely clear, since it is
found mainly in pear and only in some apple cultivars (Jennings
et al., 1964; Berger and Drawert, 1984; Willner et al., 2013). The
association of codling moth with cultivated apple is, on the other
hand, recent and the response to pear ester may stem from an
evolutionarily ancient host plant of codling moth.

Given the difficulties associated with completely assessing the
pool of plant volatiles produced by the various host plants of
codling moth, it is sensible to also investigate the response of sin-
gle odorant receptors (ORs), many of which are likely dedicated
to the perception of plant volatiles. ORs interface insects with
their odor environment by binding odorants, and are expressed
in olfactory sensory neurons (OSNs), which transmit olfactory
information to the brain. The number of ORs expressed on the
antenna and their compound-specificity determines the range
of odorants an insect can detect. General ORs are tuned to
environmental odors including plant volatiles, while pheromone
receptors (PRs), a male-biased receptor clade, respond mainly to
sex pheromones (Jacquin-Joly and Merlin, 2004; Thara et al., 2013;
Leal, 2013).

An emerging technique, which is quickly becoming an integral
part of the toolbox for identification of behaviorally relevant plant
odorants, is the functional characterization (“deorphanization”)
of ORs, following expression in heterologous expression systems.
The OR repertoire of Drosophila has been studied exhaustively
(Hallem et al., 2004; Kreher et al., 2005; Hallem and Carlson,
2006) and current research aims at other insect groups. For
moths, a number of ORs and PRs have been identified and
functionally characterized, using various heterologous expres-
sion systems, including human embryonic kidney (HEK) cells
(Grosse-Wilde et al., 2007), Xenopus oocytes (Sakurai et al., 2004;
Nakagawa et al., 2005; Jiang et al., 2014), Sf9, a cell line derived
from fall armyworm Spodoptera frugiperda ovaries (Jordan et al.,
2009), and Drosophila OSNs (Syed et al., 2010; Montagné et al.,
2012), which is an in vivo antennal expression approach.

Expressing ORs in single Drosophila neurons comprises two
main advantages. The biochemical environment of Drosophila
OSNs endogenously provides odorant binding proteins (OBPs)
and Orco, a canonical receptor conserved across insects (Krieger
et al., 2003; Jones et al., 2005; Leal, 2013), which may enhance
response sensitivity and specificity of the expressed OR, com-
pared with non-insect cell lines. In addition, electrophysiological
techniques, namely single sensillum recordings (SSRs) are well
established for Drosophila sensilla.

Two main systems are available for expression and deorpha-
nization of ORs in Drosophila OSNs, the “empty neuron” (ab3A)
in ab3 basiconic sensilla, which lacks its native OR (Dobritsa et al.,
2003) and the Or67d“* knock-in mutant line in trichoid T1
sensilla (Kurtovic et al., 2007). While the empty neuron system

has been used mainly to functionally characterize general odorant
receptors, pheromone receptors may respond more strongly when
expressed in T1 rather than in ab3A (Syed et al., 2010; Montagné
etal., 2012).

We have previously identified 43 candidate OR protein
sequences in the antennal transcriptome of codling moth, five of
which cluster within the conserved pheromone receptor clade of
lepidopteran PRs (Bengtsson et al., 2012).

We here show that CpomOR3, belonging to the PR clade, is
strictly tuned to pear ester. This result emphasizes the biological
significance of pear ester (Light et al., 2001) and shows that the PR
clade contains co-evolving receptors for sex pheromones and for
host odorants. This corroborates the modulation of male sexual
behavior by host plant odorants in codling moth (Trona et al.,
2010, 2013), and adds to our understanding of the evolution of
sexual communication and olfaction-driven speciation in insect
herbivores.

METHODS

INSECTS, DISSECTION, AND RNA EXTRACTION

Cydia pomonella pupae were obtained from a laboratory rear-
ing center (Andermatt Biocontrol, Grossdietwil, Switzerland),
and adults were allowed to emerge in cages kept at 23°C, 70 &+
5% relative humidity and a 16h:8h light:dark cycle, and fed
with 10% sugar solution. For dissections, 2—3 day old female
and male insects were used. Using sharp forceps, antennae were
removed at the base of the pedicel, and legs at the coxa. For
thorax samples, head, wings, legs, and abdomen were removed.
Wings were removed at their base, and the abdomen removed
at the connection to the thorax. All body parts were imme-
diately flash-frozen using liquid nitrogen, and thereafter kept
at —80°C. RNAs were extracted using the RNeasy kit (Qiagen,
Hilden, Germany).

RAPID AMPLIFICATION OF cDNA ENDS (RACE)-PCR

RACE-PCR was performed to obtain the complete open reading
frame (ORF) for CpomOR3. A ¢cDNA library for extension in
the 5" direction was created using the SMARTer kit (Clontech,
Mountain View, CA, USA) on male antennal RNA. For the
PCR reaction, the Advantage 2 kit (Clontech) was used, with
a temperature program of 95°C for 2min, then 30 cycles
of 95°C for 1min, 65°C for 90s, 68°C for 2min and a
final elongation of 68°C for 7min. A gene-specific primer
(5'-CCCTAGAGCTTCGGTGTCCAATGTAGAGC-3') was used
together with the Universal primer mix (Clontech). The PCR
product was analyzed by electrophoresis on an agarose gel, and
the relevant band excised and purified by the Gel extraction
kit (Qiagen). It was then cloned into the pGEM®-T Easy plas-
mid (Promega, Fitchburg, WI, USA), with which TOP10 cells
were transformed (Invitrogen, Life Technologies, Carlsbad, CA,
USA). Plasmids were subsequently purified using the Miniprep
kit (Qiagen). Purified plasmids were quantified by nanodrop
(Nanodrop 8000 UV-Vis Spectrophotometer, Thermo Scientific,
Wilmington, DE, USA) and then Sanger sequenced (3730xl
Applied Biosystems, Life Technologies) using the forward and
reverse M13 universal primers. Transmembrane domains were
predicted using TMHMM 2.0 (http://www.cbs.dtu.dk/services/
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TMHMMY/), on sequence translated to protein using ExPASy
(http://web.expasy.org/translate/).

PHYLOGENETIC ANALYSIS

Amino acid sequences of CpomORs clustering in the candidate
PR clade (Bengtsson et al., 2012) were included in a dataset
together with sequences of candidate PRs from the follow-
ing Lepidoptera: Antheraea polyphemus (Forstner et al., 2009),
Bombyx mori (Nakagawa et al., 2005), Danaus plexippus
(Zhan et al., 2011), Diaphania indica (Mitsuno et al., 2008),
Epiphyas postvittana (Jordan et al., 2009), Heliconius melpomene
(Heliconius Genome Consortium, 2012), Helicoverpa armigera
(Liu et al., 2012), Heliothis virescens (Grosse-Wilde et al., 2007;
Wang et al., 2010), Manduca sexta (Grosse-Wilde et al., 2010),
Mythimna separata (Mitsuno et al., 2008), Ostrinia furnacalis
(Miura et al.,, 2010; Leary et al., 2012), O. nubilalis (Wanner
et al., 2010; Leary et al., 2012), O. scapulalis (Miura et al., 2009,
2010), Plutella xylostella (Mitsuno et al., 2008; Sun et al., 2013),
Spodoptera exigua (Liu et al., 2013) and S. littoralis (Legeai et al.,
2011; Montagné et al., 2012). Sequences from B. mori (BmorOR6)
and H. melpomene (HmelORS5, 6, and 7) were also included in the
dataset as external groups, since they belong to the sister group to
the PR clade (Poivet et al., 2013). The CpomORI1 sequence was
not included in the dataset because of its short length (only 101
amino acid residues). The 74 amino acid sequences were aligned
using the online version of MAFFT v.7 (Katoh and Standley,
2013), with the G-INS-i algorithm (Katoh et al., 2005) and default
parameters.

Phylogenetic reconstruction was performed using the maxi-
mum likelihood method. The LG+I4+G+F substitution model
(Le and Gascuel, 2008) was determined as the best-fit model of
protein evolution by ProtTest 2.4 (Abascal et al., 2005) follow-
ing Akaike information criterion. Rate heterogeneity was set at
four categories, and the gamma distribution parameter and the
proportion of invariable sites were estimated from the dataset.
Tree reconstruction was performed using PhyML 3.0 (Guindon
et al,, 2010), with both SPR (Subtree Pruning and Regrafting)
and NNI (Nearest Neighbor Interchange) methods for tree topol-
ogy improvement. Node support was estimated using a bootstrap
procedure based on 100 replicates, and nodes supported by a
bootstrap value below 70% were collapsed. The figure was created
using the iTOL web server (Letunic and Bork, 2011) and Adobe
Mlustrator.

REVERSE TRANSCRIPTION (RT)-PCR FOR CPOMOR3 EXPRESSION
ANALYSIS

cDNAs were synthesized from RNAs extracted from differ-
ent tissues using the RT-for-PCR kit (Clontech), following
the recommended protocol. Integrity of ¢cDNAs was tested
by PCR, using degenerate primers for RPL8 (Forward primer
5'-GAGTCATCCGAGCTCARMGNAARGG-3'; Reverse primer
5'-CCAGCAGTTTCGCTTNACYTTRTA-3’) and GoTaq Green
Master Mix (Promega) with an annealing temperature of 54°C.
PCR reactions to screen for expression of CpornOR3 in dif-
ferent tissues used GoTaq Green Master Mix, and consisted
of an initial 5-min step at 94°C, and then 35 cycles of 94°C
for 1 min, 58°C for 1min, and 72°C for 1 min, and a final

7-min step at 72°C. Gene specific primers (GSP) for CpomOR3,
5/ -AGATGAAGAGTATCGGAATTGCATGG-3' (forward) and 5'-
CCAACTGGGATCATGCCACAAGC-3' (reverse), were used, giv-
ing a product of 436 bp. Product identity was confirmed by direct
sequencing, following gel extraction (QIAquick Gel Extraction
Kit, Qiagen). Each PCR reaction was repeated three times and
control consisted of a no template PCR. PCR was performed in
parallel on C. pomonella genomic DNA templates, extracted from
larvae using PureLink Genomic DNA kit (Invitrogen). No ampli-
fication or amplification of larger size bands was observed, reveal-
ing specific cDNA amplification at the expected size. Products
were analyzed on a 1.5% agarose gel and visualized after staining
with ethidium bromide using a Gel Doc XR (Bio-Rad, Hercules,
CA, USA).

HETEROLOGOUS EXPRESSION OF PUTATIVE ORs IN DROSOPHILA
MELANOGASTER
The complete ORF encoding CpomOR3 was amplified by PCR
(forward primer 5-ATGTTTAGTTATGAAAATGAAGACAGC-
3/, reverse primer 5-TCAAGTCATTTCTTCAGTAGAGGT-3'),
with antennal cDNA created by the RT-for-PCR kit (Invitrogen)
as a template. The purified PCR product was then cloned into
the PCR8/GW/TOPO plasmid (Invitrogen). The cassette with the
insert was then transferred from the TOPO/GW/PCR8 plasmid to
the destination vector (pUASg-HA.attB, constructed by E. Furger
and J. Bischof, kindly provided by the Basler group, Ziirich),
using the Gateway LR Clonase II kit (Invitrogen). The integrity
and orientation of the insert was confirmed by sequencing. A
transformant UAS-CpomOR3 line was generated by BestGene
(Chino Hills, CA, USA), using the PhiC31 integrase system.
Briefly, recombinant pUASg-HA.attB-CpomOR3 plasmids were
injected into embryos of a D. melanogaster line containing an
attP insertion site within the second chromosome (genotype y1
M{vas-int.Dm}ZH-2A w*; M{3xP3-RFP.attP’}ZH-51C), leading
to non-random integration. To drive expression of CpomOR3 in
OSNs housed in T1 sensilla, the transformant UAS-CpomOR3
line was crossed to the Or67d°A* strain (kindly provided by
Barry Dickson) to generate a double homozygous line wt;UAS-
CpomOR3;0r67d5A . To verify insertion of the UAS-CpomOR3
construct into the genome, gDNA was extracted and used as
template in PCR with primers for the full ORF of CpomOR3.
Additionally, to compare the similarity of results between
expression sites (trichoid and basiconic sensilla) male flies with
the genotype w;UAS-CpomOR3/CyO;+/+ were mate paired with
female flies of the genotype w;delta-Halo/Cyo;Dmel-UAS-OR22a-
Gal4. This cross drove ectopic expression of CpornOR3 in the
A neuron of the ab3 sensilla, which also expressed the endoge-
nous DmelOR22a receptor in the same neuron. SSR recordings
in parental flies from the cross confirmed the absence of any
response from DmelOR22a to pear ester (data not shown).

SINGLE SENSILLUM RECORDINGS

The D. melanogaster line expressing CpomOR3 in T1 OSNs, along
with the flies expressing CpornOR3 in ab3A OSNs were tested by
SSRs. In all cases, flies were restrained as described in Stensmyr
et al. (2003). Briefly, flies were immobilized in 100 ul pipette
tips with only the top half of the head protruding. The left
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antenna was pushed onto a piece of double-adhesive tape, and
held firm by a capillary pressing down from above. Sensilla were
contacted with tungsten electrodes (diameter 0.12 mm, Harvard
Apparatus Ltd, Edenbridge, United Kingdom) electrolytically
sharpened in a saturated KNO3 solution. A DC-3K microma-
nipulator equipped with a PM-10 piezo translator (Marzhauser
Wetzler GmbH, Wetzler, Germany) was used to gently maneuver
the recording electrode into the base of a sensillum. The refer-
ence electrode was inserted through the eye using a DC-3K Rachts
PM-10 piezo micromanipulator (Mirzhiuser Wetzler GmbH,
Wetzler, Germany). The signal from the OSNs was registered and

amplified 10 times with a probe (INR-02, Syntech, Hilversum,
the Netherlands), and transferred to a computer through an
IDAC-4-USB (Syntech) interface, where it was visualized and
analyzed with the software Autospike v. 3.4 (Syntech). A con-
stant flow of 0.65 m/s of charcoal-filtered and humidified air
was delivered through a glass tube with its outlet approximately
15mm from the antenna. Stimuli were presented to the insect
by inserting a stimulus pipette through a hole in the glass tube,
and blowing an air puff of 2.5ml during 0.5s through the
pipette into the air stream, using a stimulus controller (Syntech
SFC-1/b).

Table 1| Synthetic compounds tested on CoomOR3.

Compound Biological activity Source CAS Purity (%) (GCMS)
(E, E)-8,10-Dodecadienol Main pheromone component IRCHA, gift from Prof 33956-49-9 98.6 (isomeric purity: 80.1
of C. pomonella Heinrich Arn E,E;13.6 E,Z;0.9ZE; 542772
(E,Z)-8,10-Dodecadienol Synergist for attraction of Gift from Prof Rickard 33956-50-2 99.8 (isomeric purity: 95.0
males of C. pomonella Unelius, University of Kalmar, E,Z;0.0ZE;15EE; 35272
Sweden
(Z,E)-8,10-Dodecadienol Synergist for attraction of Gift from Prof Rickard 33956-51-3 99.5 (isomeric purity: 84.0
males of C. pomonella Unelius, University of Kalmar, ZE, 99EE;1.7EZ 44727
Sweden
(Z,2)-8,10-Dodecadienol Antagonist for attraction of Gift from Prof Rickard 39616-21-2 94.25 (isomeric purity: 77.7
males of C. pomonella Unelius, University of Kalmar, Z,2; NM3ZE;29E,E; 8.1E,2)
Sweden
(E, E)-8,10-Dodecadienol Synergist for attraction of Bedoukian Inc 53880-51-6 96.2
acetate males of C. pomonella
(E)-8-Dodecenol Minor pheromone Voerman, Pherobank 42513-42-8 97
component of C. pomonella
(E)-9-Dodecenol Minor pheromone Farchan Labs Inc 35237-62-8 99.7
component of C. pomonella
(E)-10-Dodecenol Minor pheromone Voerman, Pherobank 35237-63-9 99.7
component of C. pomonella
1-Dodecanol Minor pheromone Fluka 112-53-8 98.1
component of C. pomonella
(E)-B-Farnesene Synergist for C. pomonella Bedoukian 18794-84-8 98.6
Butyl hexanoate Synergist for C. pomonella Bedoukian 626-82-4 977
Ethyl-(E,2)-2,4- Synergist for C. pomonella Aldrich 3025-30-7 98.2
Decadienoate
(Z,E)-9,12-tetradecadieny! Main pheromone component Pherobank 30507-70-1 94.8
acetate of Spodoptera littoralis
4,8-Dimethyl-1, Antagonist for female Gift from Prof Wittko Franke, 51911-82-1 95
(E)-3,7-non-atriene attraction of S. littoralis University of Hamburg,
Germany
3,7-Dimethyl-1, Antagonist for female SAFC 3779-61-1 95.4

(E)-3,6-octatriene

attraction of S. littoralis
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Z9-14:0H >> Z9,E12-14:0H , Z11-16:0H

Z11-16:Al > E11-16:Al

E10,212-16:0H

no ligand found

Z11-16:Al
Z11-16:Al >> Z9-14:Al

Z9,E12-14:0Ac , Z9-14:0Ac
E6,211-16:Al

pol, Antheraea polyphemus, Bmor, Bombyx mori,
ind, Diaphania indica, Epos, Epiphyas postvittana,

lis, Osca, O. scapulalis, Pxyl, Plutella xylostella,
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SYNTHETIC COMPOUNDS AND ODOR STIMULI

An array of pheromone compounds for C. pomonella and related
species (Witzgall et al., 1996), as well as known pheromone syn-
ergists (El-Sayed, 2014), were tested on CpomOR3 (Table1).
Combinations of the C. pormonella main pheromone compound,
codlemone, with the synergists were also tested, as they have pre-
viously been shown to create distinct activation patterns in the
antennal lobe, the primary olfactory center, compared to either
compound alone (Trona et al., 2013). Purity of compounds was
estimated by GC-MS.

Stimuli were prepared by applying compounds to 1.5 x
lcm pieces of filter paper that were placed in disposable
glass Pasteur pipettes (VWR International, Stockholm, Sweden).
Truncated 1ml pipette tips were put on the wide end of the
Pasteur pipettes, to reduce evaporation of the test compound(s).
Compounds were diluted in hexane (redistilled from 95%, Lab-
scan, Dublin, Ireland). A volume of 10l of a 1pug/pl solu-
tion was applied to filter papers for a total amount of 10 pug
per stimulus. The same dilution procedure was used in dose-
response experiments, except that compounds were diluted to
concentrations ranging from 0.1 ng/pl to 10 pg/pl in decadic
steps, to achieve different concentrations when 10l of the
diluted compound were applied to the filter paper in the stim-
ulus pipette. Control stimuli with only solvent were also pre-
pared. Fresh stimuli were prepared before each recording session,
and kept at —18°C until the start of the recording session,
to avoid evaporation. Only complete recording sessions of the
entire set of test stimuli were evaluated, and only one screen-
ing or dose response session was performed from a single
sensillum per individual. A total of 16 screenings were per-
formed, while for dose response experiments, 10 replicates were
performed.

Responses were quantified by counting the number of spikes
for 500ms starting from the onset of response (as deter-
mined by the earliest response for the recording session),
subtracting the number of spikes during the 500ms before

Ant. Thorax Abd. Legs Wings

3P IP IP P IR e

FIGURE 2 | Reverse transcription PCR showing antennal specific
expression of C. pomonella OR3 in both sexes. Ant., antennae, Abd.,
abdomen, NTC, no template control.

response, and doubling this value to get the response in Hz
(spikes/s). Responses of T1 sensilla to different pheromone
and pheromone synergist compounds were compared using
ANOVA with repeated measures, while responses to different
doses of pear ester with the two types of sensilla evaluated were
compared with Two-Way ANOVA. All statistical analyses were
performed using SPSS Version 19.0 (IBM Corp., Armonk, NY,
USA).

RESULTS

CLONING OF THE OPEN READING FRAME OF CPOMOR3 AND
SEQUENCE ANALYSIS

The partial CpornOR3 sequence (Bengtsson et al., 2012), judged
to be complete at the 3’ end based on the presence of a stop
codon, but not at the 5 end, was extended by 5 RACE-PCR.
Merging the sequence of the 1096 bp 5’RACE-PCR product we
obtained together with the previous sequence led to a 1281 bp
transcript, containing the complete ORF of CpormOR3, confirmed
by alignment of the deduced protein with other lepidopteran
ORs. The full ORF sequence for CpomOR3 was further amplified
and sequenced to verify the absence of chimera. The full sequence
has been submitted to Genbank (accession number KJ420588).
The TMHMM2.0 model predicted 6 transmembrane domains
for CpomOR3. CpomOR3 exhibits a mean sequence identity
of 34.3% with other PRs, with a maximum identity of 41.4%
with Diaphania indica OR1. Alignment with lepidopteran can-
didate PRs did not reveal any notable feature of CpomOR3, apart
from a serine residue—also present in other tortricid sequences—
located within the final transmembrane domain (position 296),
instead of the glycine residue found in all the other lepidopteran
PR sequences.

PHYLOGENY OF LEPIDOPTERAN CANDIDATE PRs

A maximum likelihood phylogeny was built from a large dataset
containing CpomOR3 to 6—the putative C. pomonella PRs
(Bengtsson et al., 2012)—and 70 other candidate PR full-length
sequences. In this tree (Figurel), the candidate PRs grouped
within five large sub-clades within the PR clade. All the sequences
from tortricid moths (C. pomonella and E. postvittana, green
branches), including CpomOR3, clustered within one of these five
clades (supported by a bootstrap value of 80), albeit the exact rela-
tionships between CpomOR3 and the other receptors of this clade
were not resolved due to low bootstrap support values (to reflect
lack of support, nodes with a bootstrap value lower than 70 were
collapsed). Even if the CpomOR1 sequence was not part of this
dataset because of its short length, it also clustered in the same
clade during previous analyses, as a sister group to EposORI1 (data
not shown). All the PR candidates from C. pomonella character-
ized to date thus have a relatively recent common origin, in spite
of their low sequence identity levels.

TISSUE-RELATED EXPRESSION OF CpomOR3

Reverse transcription PCR showed a clear expression pattern
for CpomOR3, with strong expression in antennae, but not in
other body parts (Figure 2). Moreover, there was no sex-specific
expression of CpomOR3, as it appeared to be expressed in
antennae of both males and females.
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RESPONSE SPECTRUM OF CpomOR3 TO PUTATIVE LIGANDS

Single-sensillum recordings from transformed Drosophila line
expressing CpomOR3 in T1 OSNs revealed that these neurons
only responded to pear ester (41 spikes/s, N = 16) out of 15
compounds. Six different mixtures of different combinations of
pheromone components and plant compounds were also tested,
and only the one that contained pear ester and codlemone
elicited a significant response (Figure 3). No synergy between
these two compounds was observed (Bonferroni post-hoc test).

Dose response experiments established the threshold of response
to pear ester to be at 10 pug for both trichoid T1 and ab3A OSNs
(Figure 4).

DISCUSSION

CpomOR3 IS TUNED TO THE PLANT VOLATILE PEAR ESTER
Electrophysiological recordings from Drosophila basiconic ab3
and trichoid T1 sensilla, housing OSNs heterologously express-
ing CpomOR3, demonstrate that CpomOR3 is tuned to pear

CpomOR3 to stimulation with known C. pomonella pheromone

Response (Spikes/s)
-10 0 10 20 30 40 50 60
[ (E8,E10)-12:0H HA | a
(E8,210)- 12:0H n-|—| a
(28,E10)- 12:0H - a
. (28,210)-12:0H HH a
< (E8,E10)- 12:Ac "E‘ a
(E8)-12:0H *}' a
(E9)-12:0H |-E|—a a
(E10)-12:0H 3—| a
. 12:0H I—é-i a
. ]
(E)-B-Farnesene I—l—i a
Butyl hexanoate I-E a
Ethyl-(E2,Z4)-decadienoate 1 l—|—| b
) ]
(29,E12)- 14:Ac ———— a
4,8-Dimethyl-1,(E)-3,7-nonatriene ;3—1 a
3,7-Dimethyl-1,(E)-3,6-octatriene I—E- a
9 ]
[ (E8,E10)-12:0H +(E)-B-Farnesene 1 a
(E8,E10)-12:0H + Butyl hexanoate l—E- a
(E8,E10)-12:0H +Ethyl-(E2,Z4)-decadienoate - —1— b
(E8,E10)-12:0H +(Z9,E12)- 14:Ac n—}-« a
(E8,E10)-12:0H + 4,8-Dimethyl-1,(E)-3,7-nonatriene I—-|—| a
L (E8,E10)-12:0H + 3,7-Dimethyl-1,(E)-3,6-octatriene .-]—. a
Hexane ;}i a
FIGURE 3 | Response (in Hz) of D. melanogaster T1 OSNs expressing pheromone component codlemone, with plant synergists. Letters
denote subgroups with a statistically significant separation (Repeated
components, plant-related synergists, and combinations of the main measures ANOVA with Bonferroni post-hoc test, n = 16).
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ester, ethyl (E,Z)-2,4-decadienoate (Figures 3, 4). Reverse tran-
scription PCR suggests that CpomOR3 is expressed without sex
bias in the antennae of both males and females (Figure 2). This
finding matches the behavioral evidence, since pear ester is a
bisexual codling moth attractant (Light et al., 2001; Light and
Knight, 2005). The existence of a dedicated receptor corroborates
the significance of pear ester for host plant detection in codling
moth males and females, and contributes to current research
aiming at a complete identification of codling moth host plant
attractants.

Results from these heterologous expression studies confirm
previous recordings obtained from codling moth antennae, show-
ing presence of OSNs responding to pear ester (De Cristofaro
et al., 2004; Ansebo et al., 2005). However, a spatially tight
arrangement of sensilla on codling moth antennae renders it
difficult to obtain replicated recordings from the same sensillum
type, and to differentiate between responses from co-localized
OSNs in the same sensillum, or even from OSNs in adjacent
sensilla (Lee and Baker, 2008). This further demonstrates the

A

Hexane

e

0.1ug

T

Tug

e

10ug

R

Stimulus (0.5 seconds)

B 160 -
Dab3sensilla

ol

140 1 @Tisensilla

Response (spikes/s)

= =

5 8 8 8 B
¢

[N
o

o

Hexane 0.001 pg 0.01pug

0.1pg lug 10 pg 100 pg

FIGURE 4 | (A) Traces of single sensillum recordings from D. melanogaster
T1 sensilla expressing CoomOR3 to pear ester at different doses. (B)
Dose-dependent response of CoomOR3 to pear ester in different types of
sensilla. Bars of the same color followed by different letters indicate
subgroups with statistically significant differences. Asterisks denote
significant differences among different types of sensilla for the dose
indicated (Two-Way ANOVA with Tukey's post-hoc test, p < 0.05, n = 10).

appreciable addition of heterologous OR expression in Drosophila
to the toolbox for identification of behaviorally relevant plant
odorants.

Intracellular recordings of axons of OSNs projecting to the
antennal lobe (AL), the olfactory center of the insect brain, and
functional imaging of AL glomeruli, receiving input from OSNs
expressing the same ORs, support our finding that pear ester acti-
vates a dedicated olfactory channel and that interaction of pear
ester with other compounds, including the sex pheromone codle-
mone, takes place in the AL, and not at the periphery (Figure 3;
Trona et al., 2010, 2013).

CpomOR3 BELONGS TO THE PHEROMONE RECEPTOR CLADE
CpomOR3 belongs to the conserved clade of lepidopteran
pheromone receptors (Figure 1), although it binds to pear ester
only and to none of the pheromonal compounds produced by
C. pomonella females or closely related Cydia species (Witzgall
et al,, 1996, 2001). CpomOR3 was almost equally sensitive
when expressed in trichoid T1 and basiconic ab3 sensilla, except
at the highest dose of pear ester (Figure4). Interestingly, the
pheromone receptors BmorORI1 of silkmoth B. mori and SlitOR6
of cotton leafworm moth S. litforalis were more sensitive when
expressed in T1 than in ab3 sensilla (Syed et al., 2010; Montagné
et al., 2012). This indicates that T1 sensilla, containing an impor-
tant PR partner, the sensory neuron membrane protein (Benton
et al., 2007), are more adapted for correct PR functioning,
whereas plant odorant ORs function equally well in T1 or ab3.

In addition, the demonstration that an OR clustering in the PR
clade is a plant odorant receptor offers an explanation for the lack
of a response of orphan lepidopteran PRs to pheromone com-
pounds (Wang et al., 2010; Liu et al., 2013). Phylogenetic analysis
confirms that the lepidopteran PR clade contains another co-
evolved receptor for plant compounds, EposOR1, from another
tortricid species, the light brown apple moth E. postvittana. The
strongest ligand for EposOR1 is a common plant compound,
methyl salicylate (Jordan et al., 2009), which has a behavioral
effect in many insects (Figure 1; El-Sayed, 2014). With the cur-
rently available sequence and functional data, phylogenetic anal-
ysis cannot resolve if EposOR1 and CpomOR3 have a single
ancestor, or if two unique evolutionary events gave rise to these
plant volatile receptors within the PR clade (Figure 1). However,
both CpomOR3 and EposOR1 belong to the same clade, which
notably also contains the four other C. pomonella candidate PRs
(Bengtsson et al., 2012; Garczynski et al., 2012). Further stud-
ies, using both pheromones and plant volatiles, will help to
understand the functional divergence of the PR clade.

INTERACTION BETWEEN PEAR ESTER AND CODLING MOTH
PHEROMONE
The finding that a codling moth PR is tuned to pear ester
is remarkable. It corroborates the interaction between pear
ester and codlemone, which may play an important role in
codling moth premating communication and reproductive iso-
lation (Trona et al., 2013).

Axons of OSNs expressing the same OR or PR genes converge
onto the same glomerulus in the antennal lobe (AL). Since each
OR corresponds to a glomerulus in the AL, it follows that new
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glomeruli arise during OR repertoire expansion. Indeed, closely
related ORs with high sequence similarity are often expressed in
OSNs that project to neighboring glomeruli in the AL (Couto
et al., 2005; Masse et al., 2009; Ramdya and Benton, 2010; Cande
et al., 2013).

Accordingly, the architecture of the codling moth AL lends
support to the hypothesis that the OR genes for pear ester
and codlemone, the codling moth sex pheromone, are closely
related—the glomeruli dedicated to pear ester and codlemone
are adjacent glomeruli in the codling moth AL, where stimula-
tion with a blend of codlemone and pear ester produces a very
strong synergistic effect (Trona et al., 2010, 2013). Although the
PR for codlemone has not yet been found, we can reasonably
assume that it belongs to the PR clade, which contains the puta-
tive pheromone receptors CpomOR1, and CpomOR4 through 6
(Figure 1; Bengtsson et al., 2012).

Chemosensory receptor genes arise by gene duplication and
progressively diverge following adaptive changes. In Drosophila,
phylogenetically related chemosensory genes on a chromosome
tend to be located closely together on a chromosome (Nei
et al., 2008; Sanchez-Gracia et al., 2009). Physically neighbor-
ing chemosensory genes restrict genetic recombination and thus
become a combined target for selection. Tight physical linkage
between host performance and preference genes, leading to assor-
tative mating through habitat choice, has been first discovered in
pea aphids (Hawthorne and Via, 2001; Smadja et al., 2012). Key
traits that are associated via linkage and which combine ecological
and sexual selection are particularly powerful during phylogenetic
divergence (Servedio et al., 2011; Merrill et al., 2012; Safran et al.,
2013).

In codling moth, chemosensory receptor genes encoding host
preference and mate recognition, tuned to the plant volatile pear
ester and sex pheromone, are expected to be associated to facil-
itate host adaptation and reproductive isolation in concert. This
hypothesis can be tested after the receptor gene for codlemone has
been found.
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