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a b s t r a c t

Odorant receptors (Ors) are a unique family of ligand-gated ion channels and the primary mechanism
by which insects detect volatile chemicals. Here, we describe 57 putative Ors sequenced from an
antennal transcriptome of the cerambycid beetle Megacyllene caryae (Gahan). The male beetles produce
a pheromone blend of nine compovnents, and we functionally characterized Ors tuned to three of these
chemicals: receptor McOr3 is sensitive to (S)-2-methyl-1-butanol; McOr20 is sensitive to (2S,3R)-2,3-
hexanediol; and McOr5 is sensitive to 2-phenylethanol. McOr3 and McOr20 are also sensitive to
structurally-related chemicals that are pheromones of other cerambycid beetles, suggesting that
orthologous receptors may be present across many cerambycid species. These Ors are the first to be
functionally characterized from any species of beetle and lay the groundwork for understanding the
evolution of pheromones within the Cerambycidae.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Chemoreception by insects is mediated by a diverse array of
receptor proteins that includes the gustatory, odorant, and iono-
tropic receptors (Benton et al., 2009; Hallem et al., 2006; Rützler
and Zwiebel, 2005). Among these groups, the family of odorant
receptors (Ors) appears to be the primary mechanism by which
insects detect volatile chemicals (Hallem and Carlson, 2006; Wang
et al., 2010). This family is an expansion of seven-transmembrane
domain proteins, unique to insects, which act as ligand-gated ion
channels when bound to the conserved co-receptor Orco (Sato
et al., 2008; Vosshall and Hansson, 2011; Wicher et al., 2008).

Ors have been described from several insect species to date, but
because of their rapid evolution, annotation has remained almost
exclusive to genome projects (e.g., Clyne et al., 1999; Engsontia
et al., 2008; Robertson et al., 2010; Vosshall et al., 1999). As such,
our understanding of Ors has been limited to the orders Diptera
(Drosophila spp., species in the Culicidae), Lepidoptera (Bombyx
mori [L.], Helicoverpa zea [Boddie]), and Hymenoptera (Apis

mellifera L., Nasonia spp.; see Robertson et al., 2010 for a brief
review). Moreover, the function of Ors remains poorly known for all
but the model species Drosophila melanogaster Meigen and
Anopheles gambiae Giles (Carey et al., 2010; Hallem and Carlson,
2006; Wang et al., 2010). Beetles (Coleoptera), comprise a quarter
of known insect species, and hundreds of important pest species,
but are represented by only a single set of olfactory receptors
described from the genome of Tribolium castaneum (Herbst)
(Engsontia et al., 2008). T. castaneum presented a surprisingly
diverse array of 341 Ors, of which 111 were detected as transcripts
in adult head tissues (Engsontia et al., 2008). However, only the
conserved Orco receptor (TcOr1) has been functionally character-
ized, and no ligands are yet known for any of the TcOrs.

The research summarized in this article advances our under-
standing of insect olfactory receptors by describing Ors of a second
beetle species, and more importantly, by initiating the first func-
tional analysis of coleopteran chemoreceptors. Recent advances in
sequencing have resulted in high-throughput techniques that
permit extensive genetic surveys of non-model organisms (Toth
et al., 2007; Vera et al., 2008), and transcripts of highly expressed
receptors may be captured by sequencing RNA from antennal
tissues (Ramsdell et al., 2010; Grosse-Wilde et al., 2011). This
process is well suited to the extraction of receptors that detect
chemicals critical to the life history of the insect, such as host odors
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or pheromones. Ors for pheromones should be highly sensitive to
a small set of chemicals that already have been identified, and thus
may offer convenient targets for sequencing and characterization.

Our study species was the cerambycid beetleMegacyllene caryae
(Gahan). The Cerambycidae constitute one of the largest insect
families, with more than 35,000 described species (Grimaldi and
Engel, 2005), and include some of the most destructive pests of
forests worldwide (Haack et al., 2010). Larvae of most species feed
in the woody tissues of plants, and adults of many species depend
on sex pheromones to locate and recognize mates (e.g., Millar et al.,
2009; Ray et al., 2011; Rodstein et al., 2009; Silk et al., 2007).
Pheromone structures frequently are shared among congeners, and
even among more distantly related species (i.e., tribes, or even
subfamilies). Known pheromone structures include 2,3-alkanediols
and the related 3-hydroxy-2-alkanones (Hanks et al., 2007; Lacey
et al., 2009), (E)-6,10-dimethyl-5,9-undecadien-2-ol and the cor-
responding acetate (Mitchell et al., 2011; Silk et al., 2007), and 3,5-
dimethyldodecanoic acid (Barbour et al., 2011). Male M. caryae
produce an unusually complex blend for a species in its subfamily
(Cerambycinae; see Millar et al., 2009), comprising several
compounds that are better known as floral and wood volatiles (see
Section 2.1), but also two compounds that are common pheromone
components of cerambycids: 2,3-hexanediol and 2-methyl-1-
butanol (Lacey et al., 2008; Mitchell, 2012). This diversity of
components improved our chances of identifying pheromone
receptors, and the commonplace nature of the ligands meant that
receptor sequences might yield functionally similar orthologs in
other cerambycid species. Here, we describe 57 likely odorant
receptors identified from antennal tissue of M. caryae, and the
functional characterization of three of those odorant receptors by
demonstrating their highly selective responses to several compo-
nents of the insect’s pheromone blend.

2. Materials and methods

2.1. Sources of chemical standards and insects

The pheromone of male M. caryae consists of (2S,3R)- and
(2R,3S)-2,3-hexanediol, (S)-(e)-limonene, 2-phenylethanol, (e)-a-
terpineol, nerol, neral, geranial, and (S)-2-methylbutan-1-ol
(Lacey et al., 2008; Mitchell, 2012). Authentic standards of (S)-(e)
and (R)-(þ)-limonene, 2-phenylethanol, (e)-a-terpineol, and
nerol were obtained from SigmaeAldrich (St. Louis, MO), and (S)-2-
methylbutan-1-ol from TCI America (Portland, OR). Because neral
and geranial are not available as pure isomers, and readily isom-
erize, we instead used citral (a w1:1 mixture of neral and geranial;
SigmaeAldrich). (S)- and (R)-3-hydroxyhexan-2-one were synthe-
sized according to Lacey et al. (2007), in 93.4 and 97.8% ee
respectively. Authentic standards of (2R,3R)-, (2S,3S)-, (2S,3R)- and
(2R,3S)-2,3-hexanediol and (R)-2-methylbutan-1-ol were not
commercially available and so were synthesized as described in the
Supplementary Materials.

Adult M. caryae were captured alive with black flight-intercept
traps (Panel Trap model, AlphaScents, Portland, OR) during May
2009 at Forest Glen Preserve, Vermilion Co., IL (40�0051.9700N,
87�3400.7400W). Traps were baited with plastic polyethylene sachets
(Bagettes� model 14770, 5.1 � 7.6 cm, Cousin Corp., Largo, FL; see
Graham et al., 2010) loaded with 50 mg of citral in 1 ml of 95%
ethanol. Citral is a blend of the primary components of the pher-
omone (Lacey et al., 2008) and attracts males and females in similar
numbers (Mitchell, 2012). Beetles were maintained on a diet of 10%
sugar water for no more than 2 d before antennae were processed.
We produced antennal transcriptomes from composite samples of
24 male and 21 female adult M. caryae, respectively. Subsequent
assays used RNA extracted from antennae of an additional 10 males

and 10 females captured during May 2009, and again in May of
2010 and 2011.

2.2. Isolation of total RNA and construction, sequencing, and
assembly of library

Antennae of live adults were cut through the scape and immedi-
ately placedondry ice, thenhomogenized in1mlTRIzol reagentwith
RNA extracted according to the manufacturer protocol (Invitrogen,
Carlsbad, CA). Coupled gas chromatography-electroantennography
revealed that antennae of both sexes respond in similar fashion to
all components of the pheromone blend (Mitchell, 2012). We
therefore combined RNA frommales and females and the librarywas
constructed from the pooled sample. Subsequent samples used for
cloning were maintained as separate male and female stocks.

We provided 80 mg total antennal RNA to the Roy J. Carver
Biotechnology Center High-Throughput Sequencing and Genotyp-
ing Unit of the W.M. Keck Center for Comparative and Functional
Genomics (University of Illinois, Urbana, IL). Construction of
a normalized cDNA library and 454 pyrosequencing were carried
out at the Keck Center as described by Lambert et al. (2010).
Assembly also was performed at the Keck Center using SeqMan Pro
sequence assembly software (DNASTAR Inc., Madison, WI, USA).

2.3. Annotation of odorant receptor genes

We converted the assembled contigs into a searchable database
using the formatdb tool of the BLAST þ toolkit (National Center for
Biotechnology Information, http://www.ncbi.nlm.nih.gov/).
Peptide sequences of Ors from T. castaneum (Engsontia et al., 2008)
were used as BLAST queries (tBLASTn, National Center for
Biotechnology Information; Altschul et al., 1997) to identify related
genes in M. caryae. The encoded proteins of putative Ors were
aligned with analogs from T. castaneum and raw reads from the
library using CLUSTALX (Thompson et al., 1997) and, when neces-
sary, manually extended or rebuilt from raw reads to create
complete ORFs. Some ORFs could not be completed and were
designated as “partial Ors”. We did not attempt to extend these
sequences through other methods because receptors with low copy
numbers were unlikely to be involved in pheromone detection.

Each complete cerambycid Or was used as an additional BLAST
query to identify other receptor genes. We used the complete set of
Ors described fromD.melanogaster (Clyne et al.,1999; Vosshall et al.,
1999) and A. mellifera L. (Robertson and Wanner, 2006) as final
queries to search for any subfamilies of Ors not present in T. casta-
neum. The phylogenetic relationships among the Ors of M. caryae
(including partial Ors of at least 200 amino acids) and Ors of T.
castaneumwere assessed through a distance matrix corrected using
the BLOSUM62 exchangematrix inTREEPUZZLE v5.0 (Schmidt et al.,
2002). A tree based on these corrected distanceswas obtained using
heuristic search and tree-bisection-and-reconstruction branch
swapping in PAUP* (v4.0b10; Swofford, 2001).

2.4. Identification and cloning of candidate pheromone receptors

We chose the initial set of candidate pheromone receptors as
Ors that were represented by a high number of reads in the tran-
scriptome, allowing us to build models with high confidence, and
because genes with poor coverage were likely uncommon in the
initial library and peripheral to our goal. Later candidates were
chosen from clades that contained receptors that we had success-
fully characterized from the initial set.

We designed two pairs of primers to amplify each candidate
pheromone receptor. The first pair amplified the exact ORF,
whereas a second pair added overhangs with unique endonuclease
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sites (HindIII, EcoRI, BamH1, or XbaI) for unidirectional cloning. The
PCR protocol for both stages was 2 min at 94 �C, 25 cycles of 94 �C
for 1 min, 55e62 �C for 1 min (depending on primer TM), and 72 �C
for 1 min, and a final incubation for 5 min at 72 �C. Product was
digested for 1 h with two enzymes in the appropriate buffer (New
England Biolabs, Inc., Beverly, MA) and gel purified (Gel Extraction
Kit; Qiagen Corp., Chatsworth, CA). We cloned sequences into the
vector pGEMHE using the NEB Quick Ligation Kit (New England
Biolabs), and confirmed all clones by sequencing. We also identi-
fied and cloned the cerambycid ortholog of the Orco receptor,
because odorant receptors of insects will not function in the
absence of this protein (Sato et al., 2008; Vosshall and Hansson,
2011).

2.5. Expression of pheromone receptors in Xenopus oocytes

We characterized receptor function as described in earlier
publications (Hughes et al., 2010; Wanner et al., 2007). Briefly, we
synthesized capped cRNA in vitro from pGEMHE vectors encoding
Ors with mMessage mMachine kits (Ambion, Austin, TX). The
pGEMHE vector includes 30 and 50 UTR of a b-globin gene that
facilitates high expression of receptors in oocytes of the frog Xen-
opus laevis (Daudin) (Liman et al., 1992). Oocytes were surgically
removed from anesthetized frogs and follicle cells were removed by
treatment with Collagenase B (Boehringer Mannhem) for 2 h at
room temperature. Oocytes were co-injected with cRNA of
a candidate pheromone receptor and the Orco (McOr1), and incu-
bated for 3e7 d before electrophysiological recording.

2.6. Initial screens for, and functional assay of pheromone receptors

Each receptor was tested against all components of the phero-
mone blend of M. caryae, as well as enantiomers and the following
isomers of pheromone components: (2S,3S)- and (2R,3R)-2,3-
hexanediol, (S)- and (R)-3-hydroxyhexan-2-one, (R)-(þ)-limo-
nene, and (R)-2-methylbutan-1-ol. We measured odorant-induced
currents by two-electrode voltage clamp in an automated parallel
electrophysiology system (OpusExpress 6000A; Molecular Devices,
Union City, CA). Oocytes were bathed continuously with a buffered
saline solution, ND96 (Hughes et al., 2010), and odorants were
diluted in ND96 and applied to the oocyte for 20 s at 1.6 ml/min.
Micropipettes were filled with 3 M KCl and had resistances of
0.2e2.0 MU. The holding potential was�70mV. Current responses,
filtered (4-pole, Bessel, low pass) at 20 Hz (�3 db) and sampled at
100 Hz, were captured and stored with OpusXpress 1.1 software
(Molecular Devices, Sunnyvale, CA). We screened a range of
concentrations (generally 1e3000 mM, half-log scale) for each
odorant that activated a receptor. Data were fit to the following
equation that models concentration-response (Prism 5, Graphpad
Software, San Diego, CA): I ¼ Imax/(1þ(EC50/X)n), where I ¼ current
response at a given concentration of odorant (X), Imax ¼ maximal
response; EC50 ¼ concentration of odorant yielding a half-maximal
response, and n is the apparent Hill coefficient.

3. Results

3.1. Identification of odorant receptors

The sequencing yielded 583 megabases in 1.56 million reads,
with a mean fragment length of 404 bp. These datawere assembled
into 75,603 contigs with a mean length of 842 bp. We identified the
Orco, 30 complete Ors, and 26 partial Ors by querying the database
with Ors of T. castaneum and through iterative searches with newly
identified cerambycid Ors. No further Ors were identified by
queries with receptors of D. melanogaster or A. mellifera. Contigs

containing Ors were relatively rare in the database and built from
an average of 22 reads and a median of 11 reads (exclusive of the
Orco, which was extensively covered by 627 reads). Nucleotide and
protein sequences of the receptors are included in the Supple-
mentary Materials.

The majority of the expressed Ors of M. caryae were evenly
placed among groups 1e3 of the six subfamilies described from T.
castaneum (Engsontia et al., 2008, Fig. 1). A single cerambycid
receptor, McOr44, was placed alongside TcOr275 as an outgroup to
groups 4e6. Additionally, a novel expansion of receptors (noted as
group 7 on the tree) was recovered from M. caryae that showed no
close relationship to any TcOrs. This clade contained almost half
(14) of the complete Or transcripts in the library, including the two
most common Ors in the library (McOr30 and McOr28). The tree
was rooted with Orco proteins from M. caryae and T. castaneum
(McOr1, TcOr1), which retained the characteristically high degree of
conservation found in the Orco lineage.

3.2. Characterization of pheromone receptors

We cloned nine putative odorant receptor genes of M. caryae
into pGEMHE, as well as the Orco ortholog, and tested all clones for
function in the Xenopus oocyte expression system. We first tested
the five most common receptors in the library (McOr30, McOr28,
McOr20, McOr3, and McOr19) and then included four additional
candidates that were common in the library but also related to
confirmed pheromone receptors from the initial group (McOr17,
McOr18, McOr22, McOr5; Fig. 1). Unexpectedly, some receptors
proved difficult to clone, and were recovered with numerous
deletions relative to the gene model. Complete ORFs were even-
tually cloned from all candidate pheromone receptors.

Two receptors from the initial group and one receptor from the
subsequent group responded to components of the pheromone
blend produced by M. caryae at a concentration of 30 mM (Figs. 2
and 3). In the initial group, McOr3 responded with high sensi-
tivity to both enantiomers of 2-methyl-1-butanol (numbers 12 and
13; Fig. 2A). McOr5, selected in the second group of receptors, was
sensitive to 2-phenylethanol (10; Fig. 2B). McOr20 was sensitive to
(R)-3-hydroxyhexan-2-one (5) and (2S,3R)-2,3-hexanediol (4;
Fig. 2C). In a separate screen performed at 100 mM, this receptor
also responded to (2R,3S)- and (2S,3S)-hexanediol (data not
shown).

McOr3 was sensitive to (S)-2-methyl-1-butanol at a broad
range of concentrations (Fig. 3A) with an EC50 of 25 mM (Fig. 3B,
Table 1), and less sensitive to (R)-2-methyl-1-butanol at an EC50 of
100 mM (Fig. 3B, Table 1). McOr5 responded to 2-phenylethanol at
an EC50 of 150 mM (Fig. 3C, Table 1). Finally, McOr20 was sensitive
to (2S,3R)-2,3-hexanediol at an EC50 of 120 mM, (R)-3-
hydroxyhexan-2-one at an EC50 of 350 mM, and very slightly
responsive to (2R,3S)- and (2S,3S)-hexanediol at EC50s 1430 mM
and 330 mM, respectively (Fig. 3D, Table 1). None of the remaining
six receptors responded to the chemicals over the concentration
range tested in our assay.

4. Discussion

The odorant receptors we describe here are only the second
published set of receptors from the Coleoptera and include the first
Ors functionally characterized from any species of beetle. It is
highly unlikely that we have described the full complement of
active receptors from adult M. caryae, but the number of described
receptors nevertheless compares favorably to those described from
genomes of other insect species (Hill et al., 2002; Robertson et al.,
2003) and permits a preliminary characterization of receptor
evolution in beetles.
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The minimal sequence similarity between receptors of T. cas-
taneum and M. caryae is consistent with the overall family of
olfactory receptors, which are remarkably divergent among insect
groups (Robertson et al., 2010). In fact, the lineages of T. castaneum
and M. caryae (Tenebrionoidea and Chrysomeloidea, respectively)
are believed to have diverged between 220 and 236 Mya (Hunt
et al., 2007), comparable to the timing of divergence between
Drosophila and mosquitoes (i.e, the radiation of Nematocera;
Wiegmann et al., 2011). It is thus unsurprising that the relationship
between cerambycid and tenebrionid receptors follows a similar
pattern of substantial gene loss and radiation (Hill et al., 2002). We
did identify a small number of potentially orthologous pairs within
the coleopteran receptors (McOr2/TcOr47, McOr8/TcOr64, McOr44/
TcOr275) that may bind odorants important to both species. In fact,
McOr3 is placed alongside the receptor pair TcOr65/66, suggesting

Fig. 1. Phylogram showing peptide sequences of odorant receptors from Tribolium
castaneum (TcOrs) and Megacyllene caryae (McOrs). Partial sequences of at least 200
amino acids are included in the tree and denoted by the suffix “PAR”. Receptors are
organized into groups 1e6 as defined by Engsontia et al. (2008), but including a group
described only from M. caryae (7). Receptors from Groups 4e6, not present in the
antennal transcriptome of M. caryae, are represented as black triangles to indicate the
number of omitted receptors. Receptors of M. caryae that are sensitive to pheromone
components (and the Orco) are indicated by “þ”, those insensitive to components are
indicated by “e”, and those that were not tested (ligands unknown) are indicated by
“�”. The tree is rooted with Orco proteins from both species (McOr1, TcOr1).

Fig. 2. Change in electric current induced by candidate odorant receptors, expressed in
Xenopus oocytes, in response to pheromone components of Megacyllene caryae. Frog
oocytes that expressed receptors A) McOr3, B) McOr5, and C) McOr20 were sequen-
tially challenged with 30 mM of each of the following pheromone components (applied
for 20 s): 1. (2R,3R)-2,3-hexanediol, 2. (2S,3S)-2,3-hexanediol, 3. (2R,3S)-2,3-
hexanediol, 4. (2S,3R)-2,3-hexanediol, 5. (R)-3-hydroxyhexan-2-one, 6. (S)-3-
hydroxyhexan-2-one, 7. (S)-(e)-limonene, 8. (R)-(þ)-limonene, 9. (e)-a-terpineol, 10.
2-phenylethanol, 11. citral, 12. (R)-2-methylbutan-1-ol, and 13. (S)-2-methylbutan-1-ol.
Diagonal hatching indicates short breaks in recording.
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these Tribolium receptors may bind 2-methyl-1-butanol or related
chemicals. Such speculation is admittedly risky, given the rapid
evolution of chemoreceptors, and receptors must be tested exper-
imentally to verify ligands.

The apparent lack of cerambycid receptors among T. castaneum
groups 4e6 supports the hypothesis that these large expansions are
recent and specific to Tribolium, or at least to a tenebrionoid lineage
(Engsontia et al., 2008). Conversely, the group 7 receptors are not
present in Tribolium, and have not been identified from any other

insect genome to date. Receptors tested from group 7 did not
respond to any components of the pheromone blend, but the large
number of Ors in this group suggests an important function in M.
caryae, especially because most are strongly represented in the
library. This family could instead be sensitive to host plant odors
rather than pheromone components (Hanks, 1999; Ginzel and
Hanks, 2005).

We were surprised by the high frequency of flawed transcripts
characterized by apparent deletions, which were present in the
library and recovered in cloned receptors from all pools of RNAused
in our experiments. Deletions ranged from a dozen to hundreds of
base pairs, and probably stemmed from changed or incorrect
splicing of exons, but this mechanism can only be confirmed with
a genome sequence. Some genes such as McOr11 were entirely
crippled, with complete ORFs unrecoverable, whereas other McOrs
were present at considerably reduced frequencies. It is possible that
cerambycid Ors are regulated in some manner by alternative
splicing, either changing or eliminating their functionality.

We characterized receptors for three pheromone components of
M. caryae that were spread across two lineages of Ors (groups 1 and
2). This suggests that pheromone receptors of the Cerambycidae do
not share a recent evolutionary origin, in contrast with the pher-
omone receptors of moths that apparently arose from a single

Fig. 3. Relationships between concentrations of pheromone components and the responses of Xenopus oocytes that are expressing pheromone receptors of Megacyllene caryae.
A) An example of a trace used to generate concentration-response curves (described in section 2.6): an oocyte expressing McOr3 is challenged with 20-s applications of (S)-2-
methylbutan-1-ol at a range of doses. Concentration-response curves of B) McOr3 challenged with (R)- and (S)-2-methyl-1-butanol (normalized to the response of each oocyte
to 1 mM [S]-2-methylbutan-1-ol; n ¼ 5e15); C) McOr5 challenged with 2-phenylethanol (normalized to 100 mM 2-phenylethanol; n ¼ 6); D) McOr20 challenged with three isomers
of 2,3-hexanediol and (R)-hydroxyhexan-2-one (normalized to 30 mM [2S,3R]-2,3-hexanediol; n ¼ 5e7).

Table 1
Cerambycid pheromone components that were detected by odorant receptors of the
cerambycid Megacyllene caryae. Receptors were expressed in oocytes of Xenopus
laevus and tested against a panel of chemicals in a voltage clamp. Sensitivity is
expressed as the concentration of odorant yielding a half-maximal response
(EC50 � SEM).

Odorant receptor Ligand EC50 (mM)

McOr3 (S)-methylbutan-1-ol 25 � 7.36
(R)-methylbutan-1-ol 100 � 36.3

McOr5 2-phenylethanol 150 � 32.5
McOr20 (2S,3R)-2,3-hexanediol 120 � 57.4

(2R,3S)-2,3-hexanediol 1430 � 1331
(2S,3S)-2,3-hexanediol 330 � 77.2
(R)-3-hydroxyhexan-2-one 350 � 154.6
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lineage (e.g., Wanner et al., 2010). The most sensitive of the
cerambycid receptors, McOr3, detected ligands at an EC50 of 25 mM,
a high value relative to other reports (Wanner et al., 2007;
Nakagawa et al., 2005), but not unusual for Ors tested in the Xen-
opus assay. For example, the odorant receptor AmOr11 of
A. melliferawas sensitive to the queen substance 9-oxo-2-decenoic
acid at an EC50 of 280 nM (Wanner et al., 2007), BmOr 1 of B. mori L.
was sensitive to the female-produced pheromone bombykol at
1.5 mM, and BmOr3 was sensitive to bombykal at 260 nM
(Nakagawa et al., 2005). Receptors described from the moths
Ostrinia nubilalis (Hübner) and Heliothis virescens (F.) responded to
pheromone components at EC50 values ranging from
260 nMe24 mM (Wanner et al., 2010; Wang et al., 2011). However,
many of the recently characterized odorant receptors of A. gambiae
responded to ligands at EC50 values in the tens or hundreds of mM
(Wang et al., 2010). Regardless, the sensitivity of odorant receptors
may be highly modulated by odorant binding proteins (Große-
Wilde et al., 2007), which were not tested in the present study.

Two of the cerambycid pheromone receptors were sensitive to
components that are produced by numerous cerambycid species
(2-methyl-1-butanol and 2,3-hexanediol; Hanks et al., 2007; Lacey
et al., 2009; RFM, unpub. data). Male M. caryae produce specific
stereoisomers of these chemicals, which could impart species
specificity to the signal, but the chiral specificity of the receptors
was not as exact: McOr3 was responsive to (S)-2-methyl-1-butanol,
but also to the unnatural (R)-enantiomer. Moreover, McOr20 was
more narrowly tuned to a specific isomer, (2S,3R)-2,3-hexanediol,
but also responded to two of the three other stereoisomers, as well
as the structurally related (R)-3-hydroxyhexan-2-one. Synthesized
standards of (2R,3S)- and (2S,3S)-2,3-hexanediol contained trace
amounts of (2S,3R)-2,3-hexanediol, but standards of 3-
hydroxyhexan-2-one were free of 2,3-hexanediol (see Supple-
mentary Materials), and (R)-2-methyl-1-butanol was chirally pure,
suggesting that the apparent flexibility of these receptors is not due
to contamination.

Electroantennographic assays support the dual sensitivity of
antennae to the enantiomers of 2-methyl-1-butanol, but antennae
of males and females appear highly sensitive to all four isomers of
2,3-hexanediol (RFM, unpub. data). This finding suggests that
McOr20 is not the primary receptor for other isomers of hexanediol,
but rather that the low affinity for these isomers could be a vestige
of an ancestral receptor for the hydroxyalkanones and diols that are
common pheromone components in the family. In fact, McOr20
pairs with a similar receptor, McOr17 (45.3% identical peptide
sequence; Fig. 1), although McOr17 appeared unresponsive to any
isomer of 2,3-hexanediol or 3-hydroxy-2-hexanone.

Functional flexibility of receptors that detect pheromones is
consistent with previous findings for the moth O. nubilalis (Hübner)
(Wanner et al., 2010), and suggests that other cerambycids that
produce isomers of 2-methyl-1-butanol and 2,3-hexanediol will
detect these chemicals with receptors closely related, or ortholo-
gous to McOr3 and McOr20. If multiple species rely on a single
lineage of similar pheromone receptors, it may be possible to create
generic primers that can serve as markers for pheromone sensi-
tivity, and these genes also may inform phylogenetic study of the
family. Additionally, many insects produce or respond to 2-methyl-
1-butanol (e.g., Matsuura et al., 2010; Pontes et al., 2008) and the
sequence of McOr3 may inform study of these species as well. We
are currently exploring these potential applications by searching
for orthologs of McOr3 and McOr20 in other species ofMegacyllene
and closely related genera.

In summary, our research has confirmed that olfactory receptors
can be identified through high-throughput sequencing of an
antennal transcriptome, and verifies this method as a powerful and
efficient means of describing Ors in lieu of a genome sequence. Key

receptors for important odorants, such as pheromones, should be
represented strongly in the resulting transcriptome and their
function can be quickly characterized. It is our hope that this study
will encourage research on other non-model species that will
improve our understanding of the evolution of chemoreception
within the Insecta.
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