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In moths, mate finding strongly rely on the detection of sex pheromones by pheromone
receptors (PRs). Any modification in the functional properties of these receptors can
have a drastic impact on reproduction. In the course of characterizing candidate PRs
in the noctuid moth Spodoptera littoralis, we expressed them in Drosophila olfactory
sensory heurons and stimulated them with a large panel of moth pheromone compounds.
We found that two PRs detect (£,E)-9,12-14:0Ac, a minor component of the female
pheromone blend. Whereas SlitOR6 is highly specific to this component, SlitOR13 is
less sensitive and not strictly specific as it also detects (£)9-14:0Ac, another minor
component of the sex pheromone. Interestingly, SIitOR13 expression is restricted to
the distal part of male antennae, where we could identify a novel functional class of
pheromone-sensitive neurons whose response spectrum matches that of SlitOR13.
Based on a phylogenetic analysis of Lepidoptera PRs, we found that the ability to bind
(Z,E)-9,12-14:0Ac appeared independently within three paralogous lineages, and an
analysis of selective pressures revealed sites under positive selection that could have
played a role in the emergence of functional properties of OR6 and OR13 in Spodoptera
species.

Keywords: insect, olfaction, olfactory receptor, sex pheromone, Spodoptera littoralis, heterologous expression,
positive selection

Introduction

In animals, various biological mechanisms prevent species from interbreeding with each other.
One of the well-studied mechanisms of premating isolation is the sex pheromone communication
system of moths (Cardé and Haynes, 2004). In those nocturnal insects, reproductive success largely
depends on the long-distance detection of bouquets of air-borne chemicals usually emitted by the
females. Most sex pheromones consist of a complex blend of a major component mixed with a few
minor components, whose nature and precise relative ratios ensure a species-specific recognition
(de Bruyne and Baker, 2008). In the male, antennae bear thousands of sensilla housing olfactory
sensory neurons (OSNs) that detect the different components of the pheromone blend with various
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sensitivities and specificities (Kaissling, 1996). At the cellular
level, this detection is mediated by transmembrane receptors
belonging to the olfactory receptor (OR) family, and called
pheromone receptors (PRs). Moth PR-encoding genes form a
monophyletic group in the OR phylogeny (de Fouchier et al.,
2014), suggesting that they all evolved from a single common
ancestor. Numerous gene duplication events led to the variable
number of putative PRs (usually from 4 to 9) found in the
different species investigated (Krieger et al, 2004; Nakagawa
et al., 2005; Wanner et al., 2010; Grosse-Wilde et al., 2011;
Bengtsson et al.,, 2012; Zhang and Lofstedt, 2013; Steinwender
etal., 2015).

The functional evolution of PRs is a key issue, because even
slight modifications of their receptive range are expected to give
rise to new reproductive barriers between sympatric populations,
then to the emergence of new species. Since the discovery of the
receptor for bombykol in the silk moth Bombyx mori (Sakurai
et al., 2004), ligands of PRs have been identified in more than a
dozen of species (for a review, see de Fouchier et al., 2014). These
functional data highlight a rapid functional divergence among
moth PRs resulting, at least in part, from increased evolutionary
rates following gene duplications (Zhang and Lofstedt, 2013;
Engsontia et al., 2014). At an extreme, some receptors belonging
to the PR sub-family do not bind sex pheromone components but
rather plant volatiles (Jordan et al., 2009; Bengtsson et al., 2014).
Whereas functional properties are generally more conserved
between orthologous genes from closely related species, only a
few amino acid changes can modify these properties, sometimes
drastically (Leary et al., 2012; Jiang et al., 2014; Steinwender et al.,
2015).

Moths from the genus Spodoptera (Lepidoptera, Noctuidae)
form a group of economically important crop pests. Several
species are sympatric and synthesize partially overlapping
pheromone blends, which make them an ideal model to study the
links between the evolution of PRs and premating isolation. One
of the most studied Spodoptera species is the cotton leafworm
S. littoralis. Tt is a serious pest of more than 80 agricultural
productions such as cotton, maize, rice, sorghum, alfalfa, soybean
and vegetables, all over Africa, the Mediterranean Basin and
the Middle East (Salama et al, 1971). Its sex pheromone
blend, variable according to the strains and areas, is composed
of up to eleven 14-carbon acetates, among which (Z,E)-9,11-
14:0Ac is always the major component (Mufoz et al., 2008;
Saveer et al, 2014). Electrophysiology experiments on male
antennae identified one OSN population specifically tuned to
this component (Ljungberg et al., 1993; Quero et al., 1996) and
housed in one class of long trichoid sensilla, further referred as
LT1 sensilla. Another functional class of sensilla, here referred
as LT2, house two OSNs, one of which tuned to the minor
component (Z,E)-9,12-14:0Ac (Ljungberg et al., 1993). As far
as we know, no OSN detecting other S. littoralis pheromone
components could be identified.

We previously identified four candidate PRs (named SlitOR6,
11,13,and 16) in a S. littoralis male transcriptome, based on their
clustering with other moth PRs in a phylogenetic analysis (Legeai
et al, 2011). Among them, SlitOR6 has been characterized as a
receptor for the minor component (Z,E)-9,12-14:0Ac (Montagné
et al., 2012). Through homology-cloning, the orthologs of these

four PRs have been identified in S. litura (found throughout
Asia and Oceania) and S. exigua (distributed worldwide) and
functional data are available for some of them (Liu et al., 2013a;
Zhang et al., 2015).

Here, we carried out a functional analysis of the four S.
littoralis PR candidates, using a large panel of pheromone
compounds, to investigate in depth the response specificity.
We used in vivo heterologous expression in Drosophila OSNs
housed in trichoid sensilla, an expression system that has been
demonstrated to be suitable for studying moth PRs (Kurtovic
et al., 2007; Syed et al., 2010; Montagné et al., 2012; Bengtsson
et al., 2014). We identified two receptors to minor components
with overlapping response spectra, both responding to (Z,E)-
9,12-14:0Ac, and localized the corresponding OSNs on male
moth antenna. Evolutionary analyses revealed that the ability
to bind (Z,E)-9,12-14:0Ac emerged independently within three
distinct paralogous lineages, two of which containing Spodoptera
spp. sequences, and that positive selection acted on a few amino
acid sites, which could have played a role in the evolution of PR
response spectra in Spodoptera species.

Materials and Methods

Insect Rearing and Chemicals

Flies were reared on standard cornmeal-yeast-agar medium and
kept in a climate- and light-controlled environment (25°C, 12h
light: 12 h dark cycle). S. littoralis were reared in the laboratory
on a semi-artificial diet (Poitout and Bues, 1974) at 22°C, 60%
relative humidity and under a 16 h light: 8 h dark cycle. Males and
females were sexed as pupae and further reared separately. The
pheromone compounds used in this study (see Supplementary
Table S1) were either synthesized in the lab or purchased from
Sigma-Aldrich (St Louis, MO, USA) and Pherobank (Wijk bjj
Duurstede, The Netherlands). Hexane was purchased from Carlo
Erba Reagents (Val de Reuil, France).

Heterologous Expression of Slitors in Drosophila
The generation of transgenic flies expressing SlitOR6 has been
described previously (Montagné et al., 2012). The same strategy
was used for expression of SlitOR11, 13 and 16. Briefly, full-
length open reading frames were first cloned into pCR®II-
TOPO® (Invitrogen, Carlsbad, CA, USA) and subcloned into
the pUAST vector. Plasmid constructs were purified from liquid
cultures of One Shot® TOP10 E. coli using the EndoFree Plasmid
Maxi kit (Qiagen, Venlo, Netherlands). Transformant UAS-SlitOr
balanced fly lines were generated by BestGene Inc. (Chino Hills,
California, USA), by injecting the pUAST-SIitOR plasmids into
wll18 fly embryos. Only fly lines harboring a transgene insertion
into the 2nd chromosome were used for further crossings.

UAS-SlitOr balanced lines were crossed to a line harboring
a knock-in of the Gal4 ORF into the Or67d gene (Kurtovic
et al., 2007), to obtain double homozygous flies (genotype w;
UAS-SlitOr,w*; 0r67d5%4) expressing a given SlitOR in atl
OSNs instead of the endogenous Drosophila receptor OR67d.
The presence of the UAS-SlitOr transgenes was verified by PCR
on genomic DNA extracted from two flies, and the correct
expression of the SlitORs was verified by RT-PCR on total RNA
extracted from >100 pairs of antennae.
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Single-sensillum Recordings on Drosophila
Antennae
Single-sensillum recordings were performed on atl sensilla of
transformed flies expressing a given SlitOR. For each experiment,
a 2- to 6-day-old male fly was restrained in a pipette tip with
only the head protruding. The tip was fixed on a microscope
glass slide and one antenna was gently maintained using a
glass capillary. The preparation was placed under a constant 1.5
L.min~! flux of charcoal-filtered and humidified air delivered
through a glass tube of a 7 mm diameter, and observed with a light
microscope (BX51WI, Olympus, Tokyo, Japan) equipped with a
100x magnification objective.

The SlitOR response spectra were established using a panel of
26 pheromone compounds (Supplementary Table S1). Stimulus
cartridges were built by placing a 1 cm? filter paper in the large
opening end of a Pasteur pipette and dropping 10l of the
pheromone solution onto the paper (1 g/l in hexane), or 10 nL
of hexane as control. The cartridges were used at most one time
on each fly and five times in total. Odorant stimulations were
performed by inserting the tip of the pipette into a hole in
the glass tube and generating a 500 ms air pulse (0.6 L.min™!),
which reached the permanent air flux while going through
the stimulation cartridge. Action potentials were recorded from
atl sensilla using electrolytically sharpened tungsten electrodes
(TW5-6, Science Products, Hofheim, Germany). The reference
electrode was inserted into the eye and the recording electrode
was inserted at the base of the sensillum using a motor-
controlled PatchStar micromanipulator (Scientifica, Uckfield,
United Kingdom). The electrical signal was amplified using an
EX-1 amplifier (Dagan Corporation, Minneapolis, MN, USA),
high-pass (1Hz) and low-pass (3kHz) filtered and digitized
(10kHz) through a Digidata 1440A acquisition board (Molecular
Devices, Sunnyvale, CA, USA) then recorded and analyzed using
the pCLAMP™ 10 software (Molecular Devices). The responses
of atl OSNs were calculated by subtracting the spontaneous
firing rate (in spikes.s~!) from the firing rate during the odorant
stimulation. The time windows used to measure these two firing
rates lasted for 500 ms and were respectively placed 500 ms
before and 100 ms after the onset of stimulation (to take into
account the time for the odorants to reach the antenna). The
entire odorant panel was tested at least 5 times on each SlitOR.
Odorants were considered as active if the response they elicited
was statistically different from the response elicited by the
solvent alone (P < 0.001; Mann-Whitney pairwise test). For
all active odorants, dose-response experiments were conducted
with quantities ranging from 10 pg down to the dose necessary
to reach the response threshold. Each dilution of each pheromone
was tested five times.

Single-sensillum Recordings on Spodoptera
Antennae

Recordings of S. littoralis long trichoid sensilla were performed
on 1- to 3-day-old male moths. Animals were restrained in a
Styrofoam block and the antenna was visualized under a MZ16
stereomicroscope (Leica, Wetzlar, Germany). A humidified and
charcoal-filtered airflow (1.2 L.min~!) was continuously directed
to the preparation through a glass tube (7 mm of diameter). The

stimulus panel consisted in the same 26 pheromone compounds
as for recordings on Drosophila antennae (Supplementary Table
S1). Stimulus cartridges were prepared as described above and
were loaded with 1 pg of pheromone. During the stimulation, the
tip of the Pasteur pipette was introduced through a lateral hole
within the tube carrying the permanent humidified air flow onto
the antennae at 15 cm from its outlet. The air pulse (0.2 L.min™1)
lasted for 200 ms. Tungsten electrodes were prepared as described
above and the recording electrode was inserted at the base of
the sensillum of interest using a PatchStar micromanipulator
(Scientifica). The biological signal was amplified (x2000), high-
pass (1 Hz) and low-pass (3 kHz) filtered using a CyberAmp 320
(Molecular Devices) and sampled at 10 kHz via a Digidata 1440A
acquisition board (Molecular Devices). Recordings and analyses
were performed with pCLAMP™ 10 (Molecular Devices).
The responses were calculated as described above, using time
windows of 200ms. The stimulus panel was tested 3 times
on each of the two functional classes of long trichoid sensilla
investigated. For the cross adaptation experiment, sensilla were
first stimulated during 5 s with either (Z)9-12:0Ac, (Z2)9-14:0Ac
or (Z,E)-9,12-14:0Ac, then stimulated during 200ms with
the three compounds presented successively in a random
order.

Quantitative Real-time PCR

Antennae from 2-day-old males were collected and cut into
three pieces: a proximal part, a middle part and a distal part.
Proximal parts from 60 individuals were pooled, as well as distal
parts. These collections were repeated three times (biological
replicates). Total RNA was extracted from each sample using
RNeasy MicroKit (Qiagen), which included a DNase treatment.
cDNA was synthesized using the Advantage® RT-for-PCR Kit
(Clontech, Mountain View, CA, USA). Gene-specific primers
for SlitOR6, SlitOR13 and the reference gene SlitORco have
been previously described (Legeai et al., 2011). We used ORco,
expected to be expressed equally in all OSNs (Larsson et al.,
2004), as the reference gene because the number of sensilla
(and thus the number of OSNs) clearly differs between the
proximal (higher number of sensilla) and the distal parts (lower
number of sensilla) of the antennae. Thus, normalization with
a housekeeping gene would have biased relative expression
calculation. qPCR mix was prepared in a total volume of
12 with 6 uL of iQ™ SYBR® Green Supermix (Bio-Rad
Laboratories, Hercules, CA, USA), 3 wL of diluted cDNA (or
water for the negative control or RNA for controlling the
absence of genomic DNA) and 200 nM of each primer. qPCR
assays were performed using a CFX96 Touch™ Real-Time
PCR Detection System (Bio-Rad). The PCR program began
with a cycle at 95°C for 3 min, followed by 40 cycles of 10s
at 95°C, 30s at 60°C. To assess the specificity of the PCR
reactions, a dissociation curve of the amplified products was
performed by gradual heating from 65°C to 95°C at 0.5°C.s™ .
Standard curves were generated by a five-fold dilution series of
a cDNA pool evaluating primer efficiency (E = 10(~1/slope)),
For each case, the presence of only one amplified product was
verified. All reactions were performed in duplicate for the three
biological replicates. Expression levels between proximal and
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distal parts of the antennae were calculated relatively to the
expression of the reference gene using the formula ratio =
[(Etarget)ACP target(control—sample)]/[(E f)ACp ref(control—sample)]

Te:

(Pfaffl, 2001).

Phylogenetic Analysis

An amino acid sequence dataset was created, including every
full-length candidate PR sequence identified in Lepidoptera (see
Supplementary Table S2). Bombyx mori OR6 and Ctenopseustis
obliquana OR22 were also included to serve as an external
group. The 149 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 maximum likelihood method. The JTT+I+G+F substitution
model (Jones et al., 1992), was determined as the best-fit model
of protein evolution by ProtTest 2.4 (Abascal et al, 2005).
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 topology
improvement. Rate heterogeneity was set at four categories,
and values calculated by ProtTest were used for the gamma
distribution parameter and the proportion of invariable sites.
Node support was estimated using a hierarchical likelihood-ratio
test (Anisimova and Gascuel, 2006). The figure was created using
the iTOL web server (Letunic and Bork, 2011).

Analysis of Selective Pressures

To study positive selection along the PR alignment, we first
manually removed the sites which were poorly aligned or
conserved. Next, we replaced the amino acids by their codons,
and created a DNA alignment file that corresponded to the
trimmed protein alignment. From that DNA alignment, we
constructed a phylogenetic tree using PhyML 3.0 with the
GTR substitution model, 4 substitution rate categories and an
estimated gamma shape parameter. Both SPR and NNI-types
tree modifications were allowed. Branch support values were
generated using the Shimodaira-Hasegawa test (Shimodaira,
2002) as implemented in PhyML. We then used this tree and
both protein and DNA alignments of OR sequences to perform
branch-site tests of positive selection, which have proven to
be more sensitive than branch-based tests, in regions where
alignments are reliable (Yang and dos Reis, 2011). To do so we
used the software fastcodeml (Valle et al., 2014), a recent program
designed to reduce the calculation time of branch-site models
developed in the codeml suite of programs (formerly defined
in codeml using the parameters model = 2 and NSsites = 2).
We split the full tree up into 6 independent clades having large
support values (>0.95) and we performed the selection tests on
each one of them. We made full use of fastcodeml parallelized
algorithms by specifying computations with 8 threads on a
computer cluster (parameter -nt 8). For each of the clades
we reported the branches that have at least one site under
positive selection and noted the associated probability that a
diversifying selection occurred at this site along the branch under
consideration.

Results

Response Spectra of Heterologously Expressed
SlitORs

In order to systematically analyze the response spectra of SlitOR6,
11, 13 and 16 to a large panel of moth pheromone compounds,
we expressed these receptors in Drosophila OSNs housed in atl
trichoid sensilla, in place of the endogenous PR DmelOR67d.
RT-PCR experiments confirmed the correct expression of the
SlitORs, except SlitOR16 (data not shown) that has not been
studied further. Using the single-sensillum recording technique,
we monitored the response of OSNs expressing SlitOR6, 11 and
13 to high doses of 26 pheromone compounds (Supplementary
Table S1). This panel included all the compounds identified in
the pheromone blend of S. littoralis and/or active on S. littoralis
antennae (Ljungberg et al., 1993; Munoz et al., 2008; Saveer
et al., 2014), as well as closely related chemicals and ligands
of previously characterized noctuid PRs (Wang et al, 2011).
While SlitOR11-expressing OSNs did not display any response
to the panel (data not shown), SlitOR6 and SlitOR13-expressing
OSNs gave significant responses to two and three compounds,
respectively (Figure 1A). As observed previously (Montagné
et al., 2012), SlitOR6 responded strongly to (Z,E)-9,12-14:0Ac
(133 spikes.s™!, P < 0.001, Mann-Whitney). Here, we also
observed a smaller response to (£)9-12:0Ac (35 spikes.s_l, P <
0.01). SlitOR13 displayed similar responses to (Z,E)-9,12-14:0Ac
and (Z)9-14:0Ac (76 and 77 spikes.s™!, P < 0.001), as well as a
smaller response to (Z)9-12:0Ac (52 spikes.s™!, P < 0.001).

To further analyze both the sensitivity and the selectivity of
SlitOR6 and 13, we performed dose-response experiments with
the ligands identified among the panel (Figure 2). The response
of SlitOR6 to (Z)9-12:0Ac was abolished at a dose of 1 pgloaded
in the stimulus cartridge, while it still responded to (Z,E)-9,12-
14:0Acat 0.1 pg (P < 0.05). SlitOR13 responded to (Z)9-14:0Ac
and (Z,E)-9,12-14:0Ac down to 1 g, with similar intensities. We
thus identified two PRs detecting the same minor component
of the S. littoralis pheromonal bouquet, albeit with different
sensitivity and specificity.

Identification of Two Different S. littoralis OSN
Types Tuned to (Z,E)-9,12-14:0Ac

Former studies on S. littoralis (Ljungberg et al., 1993; Quero
et al., 1996) identified one pheromone-sensitive OSN type tuned
to (Z,E)-9,12-14:0Ac in type 2 long trichoid sensilla (here
referred as the LT2A OSN type). The response spectrum of this
OSN type matches that of SlitOR6, but no OSN detecting both
(Z,E)-9,12-14:0Ac and (Z)9-14:0Ac, which would correspond
to SlitOR13 response profile, was found. Considering that those
electrophysiology studies focused on sensilla located on the
proximal part of the antennae, where trichoid sensilla are
abundant and easy to record, we investigated whether OSNs with
a response profile matching that of SlitOR13 could be found on
more distal parts of the antennae. We thus performed single-
sensillum recordings all along the antennae, using the panel of
26 pheromone compounds previously used for the functional
characterization of SlitORs. We found the previously described
trichoid sensillum types LT1 and LT2 in both the proximal and
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FIGURE 1 | (A) Response spectra of SIitOR6 and SIitOR13 expressed in
Drosophila at1 OSNs. (B) Response spectra of LT2A and LT3 OSNs from
S. littoralis male antennae. Values correspond to the increase in the
frequency of action potentials emitted by the OSN during the odorant
stimulation. The stimulus panel consisted in 26 pheromone compounds
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(10 g in the stimulus cartridge for single-sensillum recordings on
Drosophila, 1 g for recordings on Spodoptera). Error bars indicate SEM
(n = 5-9 for SlitOR6, n =7-12 for SlitOR13, and n =3 for S. littoralis
OSNs). ™P < 0.001, **P < 0.01 significantly different from the response to
solvent (Mann-Whitney U-test).

distal part of the antennae, and LT2A OSNs displayed responses
only to (Z,E)-9,12-14:0Ac (106 spikes.s~!), thus confirming their
specificity toward this compound (Figure 1B). Besides that, we
identified a new functional type of long trichoid sensilla on the
distal part of the antennae only, further referred as LT3. A cross-
adaptation experiment determined that these sensilla housed
only one OSN (data not shown). LT3 OSNs responded to (Z,E)-
9,12-14:0Ac (51 spikes.s’l), (Z)9-14:0Ac (36 spikes.s’l) and to
alesser extent to (Z)9-12:0Ac (20 spikes.s~1). The low number of
recordings (LT3 were scarce and only three could be registered)
did not allow statistical analysis. The LT2A and LT3 OSN
detection spectra thus clearly matched those of Drosophila OSNs
expressing SlitOR6 and SlitOR3, respectively (Figures 1A,B).

Expression Profiles of SlitOR6 and SlitOR13

We next verified whether expression profiles of SlitOR6 and 13
along the antennae would correlate with the localization of LT2
and LT3 sensilla. We used quantitative real-time PCR to compare
the relative expression levels of the two PRs in the proximal and
distal parts of male antennae (Figure 3). We found that SlitOR6
was expressed in both parts, with a two-fold enrichment in the
proximal part. By contrast, SlitOR13 expression was found only
in the distal part of the antennae, where LT3 were localized.

Phylogenetic Analysis of Pheromone Receptors
In order to gather information about the evolutionary history of
SlitOR6 and 13, we built a maximum-likelihood phylogeny of

Frontiers in Ecology and Evolution | www.frontiersin.org

August 2015 | Volume 3 | Article 95


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

de Fouchier et al.

Pheromone receptors in Spodoptera littoralis

SIitOR6 150

—e— (Z,E)-9,12-14:0Ac

—e— (2)9-12:0Ac - 100
- 50

L T T T 0

1
solvent  0.01 0.1 1

Stimulus load (pg)
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ligands have been tested at doses from 10 g down to 0.1 or 0.01 g in
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the stimulus cartridge. Error bars indicate SEM (n = 5). **P < 0.001,
*P < 0.01 significantly different from the response to solvent
(Mann-Whitney U-test).
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FIGURE 3 | Relative expression levels of SlitOR6 and SlitOR13 in the
proximal and the distal parts of the S. littoralis male antennae.
Expression levels have been normalized to the expression of the obligate
olfactory co-receptor ORco. The occurrence of the LT2 and LT3 trichoid
sensilla in the proximal and distal parts is also indicated. Error bars indicate
standard deviation.

Lepidoptera candidate PRs, including 147 amino acid sequences
from 37 species of moths and butterflies (Supplementary Table
S2). These receptors grouped within five different paralogous
lineages supported by the likelihood-ratio test, each lineage
containing sequences from a various number of Lepidoptera
super-families (Figure 4 and Supplementary Figure S1). In the
Noctuoidea super-family, numerous gene duplications occurred
in the lineage E and account for the large number of PRs observed
in these species (Figure 4 and Supplementary Figure S1).

The two S. littoralis receptors under scrutiny here, SlitOR6 and
13, belong to the paralogous lineages D and E, respectively. Apart
from closely related orthologs in S. exigua and S. litura, no other
PRs with similar functional properties have been found in these
lineages. However, the receptor PxylOR4 from the diamondback
moth Plutella xylostella (sub-family Yponeumotoidea) also binds
(Z,E)-9,12-14:0Ac, and belongs to the B lineage. This indicates

that the ability to bind (Z,E)-9,12-14:0Ac emerged three times
independently, in three distinct paralogous lineages.

Amino Acid Sites under Positive Selection

Next, we searched for regions in Spodoptera spp. OR6 and
OR13 that could be responsible for the functional divergence of
these receptors. We carried out a large-scale analysis of selective
pressures acting on Lepidoptera PR genes using fastcodeml
(Valle et al., 2014), a software implementation of branch-site
probabilistic models of evolution that were introduced in (Yang
and Nielsen, 2002). We found evidence for positive selection
in numerous branches of the PR phylogeny, notably in the one
leading to the pair of orthologs SlitOR6/SlituOR6, which both
detect (Z,E)-9,12-14:0Ac (Figure 5A), and in the one leading
to Spodoptera OR13 orthologs, detecting (Z,E)-9,12-14:0Ac and
(Z)9-14:0Ac (Figure 5C). We then mapped the candidate sites
under positive selection in those two branches, as inferred by the
Bayes empirical Bayes approach, on the predicted topology of
Spodoptera OR6 (Figure 5B) and OR13 (Figure 5D). For OR6,
the four candidate sites were located within transmembrane
domains (TM4 and TM5) as well as intra-cellular loops (IL2 and
IL3). For ORI13, six candidate sites were found, although with
moderate support, in the intracellular N-terminus and in the IL1,
EL1, TM4, and TM6 domains.

We then compared the localization of candidate positively
selected sites in OR6 and ORI13 with those found in other
branches of the PR phylogeny. More than 80% of these sites
were found in transmembrane domains, notably TM4, and intra-
cellular loops, notably IL1 and IL2 (Figure 5E). This is fully
consistent with what we have found for OR6, whereas our
analysis for OR13 highlighted sites that fell outside of these
common regions of positive selection.

Discussion

Moth PRs are often cited as striking examples of the sensitivity
and specificity that can be ensured by insect ORs. However,
most studies used a small panel of pheromone compounds for
stimulation, usually restricted to those found in the species
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FIGURE 4 | Unrooted maximum likelihood tree of Lepidoptera Lepidoptera super-families. Letters from A to E correspond to different
candidate PRs, highlighting the phylogenetic position of receptors paralogous lineages. Support values correspond to the result of the
tuned to (Z,E)-9,12-14:0Ac. Branches are color-coded following the likelihood-ratio test.

blend (Sakurai et al., 2004; Forstner et al., 2009) and at best in
closely relatives (Mitsuno et al., 2008; Liu et al., 2013a,b; Zhang
et al., 2015). Here, we have used a large panel of 26 compounds
to functionally characterize four candidate PRs in S. littoralis.
While SlitOR16 could not be expressed in Drosophila OSNS,
thus precluding its functional characterization, its orthologs
in S. litura and S. exigua bind preferentially (Z)9-14:0H (Liu
et al., 2013a; Zhang et al, 2015). We can reasonably expect
that SlitOR16 shares the same response spectrum. SlitORI11
could be expressed in Drosophila but remained silent, even
after stimulation with such a large panel. Neither could OR11
orthologs be deorphanized in previous studies carried out in
other noctuid species, including S. exigua and S. litura (Wang
et al, 2011; Liu et al., 2013a,b; Jiang et al., 2014; Zhang et al,,
2015). In D. melanogaster, it has been observed that OR67d-
expressing neurons need the pheromone-binding protein (PBP)

LUSH to detect its pheromone ligand (Ha and Smith, 2006). It
could be hypothesized that SlitOR11 and its orthologs need a
specific PBP to detect pheromone compounds. Another possible
explanation is that OR11 is in fact not a PR, although it groups
within the candidate PR clade in the Lepidoptera OR phylogeny
(de Fouchier et al., 2014). In line with this hypothesis, it has been
demonstrated that this PR clade actually includes receptors to
plant odorants, such as the pear ester receptor of Cydia pomonella
(Bengtsson et al., 2014).

The ligands we identified for SlitOR6 and SlitOR13 are the
same as those previously identified for orthologous receptors in
the closely related species, S. exigua and S. litura, although S.
exigua OR6 could not be deorphanized (Liu et al., 2013a; Zhang
et al, 2015). In addition, the larger panel used here (only 5
and 7 compounds were tested on S. exigua and S. litura ORs,
respectively), confirms the narrow tuning of these receptors. Both
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Frontiers in Ecology and Evolution | www.frontiersin.org 8 August 2015 | Volume 3 | Article 95


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

de Fouchier et al.

Pheromone receptors in Spodoptera littoralis

SlitOR6 and SlitOR13 responded to the same minor component
of the S. littoralis pheromone blend, (Z,E)-9,12-14:0Ac, but with
striking differences. Whereas SlitOR6 was highly specific and
very sensitive, SlitOR13 detected (Z,E)-9,12-14:0Ac, yet with
less sensitivity than SlitOR6, and (Z)9-14:0Ac, another minor
component.

Using a combination of single-sensillum recordings along S.
littoralis antennae and quantitative PCR, we could correlate the
response spectra and the spatial distribution of SlitOR6 and OR13
with that of LT2A and LT3 OSNs, the latter type being described
here for the first time. The difference observed between the
responses of SlitOR6-expressing OSNs and LT2A OSNs to (Z)9-
12:0Ac could arise from the differences in the stimulus load (10
and 1pg, respectively). Accordingly, SlitOR6 was not activated
by lower amounts of (Z£)9-12:0Ac in dose-response experiments.
We thus propose that SlitOR6 is expressed in the LT2A OSNs
and that SlitOR13 is expressed in the newly described LT3
OSNs. The identification of a new type of pheromone-sensitive
sensilla in S. littoralis, even after decades of electrophysiological
studies (Munoz et al., 2008; Binyameen et al., 2012), emphasizes
the benefits of studying in detail both response spectra and
expression patterns of ORs. Albeit difficult to perform, precise
single-sensillum recordings at the distal part of the antennae
deserve future attention and may lead to the identification of new
functional types of sensilla. Whereas sucrose-detecting gustatory
sensory neurons located in chaetic sensilla have been found to be
especially abundant at the tip of Helicoverpa armigera antennae
(Jorgensen et al., 2007), we report here for the first time such a
specific localization of an OSN type. Whether such an atypical
spatial repartition is important for moth orientation remains
to be determined. In H. armigera, the relative abundance of
sugar-detecting neurons in the distal region of the antenna has
been linked with an ecological need to probe the nectar of the
flowers (Jorgensen et al., 2007). In female S. littoralis, it has been
hypothesized that the lowered response sensitivity of distal OSNs
to several, but not all, odorants could participate in close range
orientation to high concentration odor flux (Binyameen et al,,
2012). Similarly, one can speculate that the distal localization of
SlitOR13-expressing OSNs may play a role in a shorter range
assessment of the pheromone blend composition, during the
mating process.

The functional redundancy of PRs tuned to minor
components could provide a mean for the precise coding
of ratios within the pheromone blend. In S. littoralis, (Z,E)-
9,12-14:0Ac is present at a very low amount in the blend, and
is even lacking in some strains (Mufoz et al., 2008). However,
when added at a 1% ratio to the major pheromone component
(Z,E)-9,11-14:0Ac, it has a synergistic effect on the attraction
of males, and increasing the ratio of (Z,E)-9,12-14:0Ac in the
blend drastically reduces male capture in pheromone traps
(Kehat et al., 1976; Campion et al., 1980). Minute amounts of
(Z,E)-9,12-14:0Ac may enhance the attraction of males toward
(Z,E)-9,11-14:0Ac through the activation of the LT2A neurons
(expressing the very sensitive SlitOR6). With increasing doses
of (Z,E)-9,12-14:0Ac, the LT3 OSN population (expressing the
less sensitive SlitOR13) may also be recruited and would inhibit
the attractive behavior triggered by (Z,E)-9,11-14:0Ac. The

antagonistic effect of high doses of (£)9-14:0Ac, the other ligand
of SlitOR13, observed in field trapping studies (Campion et al.,
1980) lends further support to this model. In nature, this precise
detection of high doses of (Z,E)-9,12-14:0Ac by S. littoralis males
may constitute a mechanism to avoid interbreeding with the
sympatric species S. exigua, whose sex pheromone contains high
amounts of (Z,E)-9,12-14:0Ac (Acin et al., 2010).

Focusing on OR13, it is worth noticing that this receptor
exhibits different sensitivities toward its two ligands in the three
Spodoptera species. Whereas SexiOR13 is more sensitive to (Z,E)-
9,12-14:0Ac than to (Z)9-14:0Ac (Liu et al., 2013a), the opposite
is observed for SlituOR13 (Zhang et al., 2015) and here SlitOR13
had the same sensitivity for both pheromone components. Such
differences may be relevant for an efficient coding of ratios in the
different Spodoptera species.

Even though the four candidate PRs have been studied in
three different Spodoptera species (Liu et al., 2013a; Zhang et al.,
2015; this study), no receptor has been identified for (Z,E)-9,11-
14:0Ac, the major pheromone component in S. littoralis and
S. litura (Muioz et al., 2008; Saveer et al., 2014). In a similar
way, only two minor components of the S. littoralis pheromone
blend, (Z)9-14:0Ac and (Z,E)-9,12-14:0Ac, could be assigned to
a receptor, leaving all the other minor components orphans. This
suggests that more PRs await further identification and/or that
PBPs could modify Spodoptera PR response spectra as observed
in P. xylostella (Sun et al., 2013).

As revealed by our phylogenetic analysis, the ability to bind
(Z,E)-9,12-14:0Ac appeared independently in three paralogous
lineages. This prompted us to investigate whether similar
evolutionary mechanisms occurred in each case. We detected
episodes of positive selection in numerous branches of the PR
phylogeny, and the putative positively selected sites were located
mainly in TM and IL domains, which is consistent with studies on
other insects. In ORs of the pea aphid, most positively selected
sites have been found in TM domains (Smadja et al., 2009)
and in Drosophila, such sites have been identified mostly in
the IL domains (Guo and Kim, 2007). We found sites under
positive selection in Spodoptera OR6 and OR13 orthologs, but
no shared sites. This suggests that the capacity to bind (Z,E)-
9,12-14:0Ac emerged either due to positive selection acting on
different amino acids in the two lineages or due to genetic
drift rather than positive selection. As in the majority of other
PRs, candidate positively selected sites in OR6 (and to a lesser
extent in OR13) were located in TM and IL domains. What
could be the functional significance of modifications occurring
in these domains? Molecular modeling of the interactions
between Drosophila ORs and their cognate ligands led to the
hypothesis that the ligand-binding pocket is located on the extra-
cellular sides of TM domains (Guo and Kim, 2010). There are
experimental evidences that mutations in TM2, 3 and 4 domains
affect ligand binding in Drosophila, mosquito or moth receptors
(Nichols and Luetje, 2010; Pellegrino et al., 2011; Leary et al.,
2012; Hughes et al., 2014) whereas mutations in TM5, 6 and 7
affect the ion channel function of a moth PR (Nakagawa et al.,
2012). An in silico analysis of insect OR structural features also
identified N-ter, EL2 and IL3 domains as the most evolutionary
constrained (Hopf et al., 2015), which is consistent with their
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importance for the correct functioning of ORs (Benton et al.,
2006; Jin et al., 2008; Xu and Leal, 2013). Further experimental
validations are needed to confirm whether positive selection has
indeed been a driving force for the diversification of moth PRs
or not. This will shed light on the evolutionary mechanisms at
the base of the evolution of pheromone communication and
reproductive isolation in this major insect group.
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