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(ApolOR1) and
53% (AperOR1)
are observed
with the candi-
date pheromone
receptor MsOR3
of Mythimna
separata [38].

Fig. 1. Sequence
comparisons.  (A)
Alignment of amino
acid sequences of
ApolORI, Ap-
erORI| and of se-
lected verified
pheromone re-
ceptors. ldentical
amino acids are
shaded grey. Amino
acids  conserved
throughout all pu-
tative and verified
pheromone re-
ceptor sequences
forming a subfamily
with the Antheraea
receptors in (B) are
indicated by aster-
isks. (B) Sequence

relatedness of
moth olfactory
receptors.

Neighbor joining
tree based on the
identity  between
olfactory receptors
of different moth
species. The dis-
tance tree was
calculated using the
MEGA  program
and is based on a
ClustAL alignment
of the sequences
indicated.  Branch
lengths are pro-
portional to per-
centage sequence
difference.  Scale
bar: 10% difference.
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Expression of ApolORI in the antenna of A.
polyphemus

Sex-pheromone receptors of moths are exclu-
sively or preferentially expressed in the antennae of
males [26, 28, 37-40]. To investigate the sex-specific
expression of ApolOR1, RT-PCR experiments were
performed with cDNA prepared from male antennae
or female antennae of A. polyphemus. The results de-
picted in Fig. 2A indicate a very strong band with
cDNA from male antennae; in contrast, only a very
faint band was obtained with cDNA from female an-
tennae. In a next step, attempts were made to visual-
ize ApolOR1-expressing cells on the sexually dimor-
phic antenna. In Antheraea polyphemus, male animals
possess large, bipectinate antennae with long side
branches. Each segment of the antennal stem carries
two opposing pairs of side branches, forming a
feather-like overall structure (Fig. 2B). Laterally on the
surface of the male antennal side branches, about
60.000 pheromone-sensitive sensilla trichodea per
antenna are arranged in several rows (Fig. 2C); low

numbers of other sensilla types (e.g. sensilla basi-
conica) are positioned more medially [6, 41]. Each
sensillum trichodeum contains one to three bipolar
olfactory receptor neurons; the vast majority houses
two neurons [6].

To visualize and characterize the antennal cells
expressing ApolOR1, in situ hybridization experi-
ments were performed on cross sections through the
side branches of male antennae. The results (Fig. 2D
and E) indicate that the ApolOR1-specific antisense
RNA probe typically labeled two cells per cross sec-
tion which were located laterally on opposing sides of
the section. This location corresponds to the position
of trichoid sensilla on the antennal surface, suggesting
that ApolOR1 is expressed in a sensory cell of this
pheromone-sensitive sensillum type. In situ experi-
ments performed on cross sections through the short
side branches of the female antenna which lack
pheromone-sensitive s. trichodea never showed any
ApolOR1-positive cells (Fig. 2F).
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Fig. 2. Expression of ApolORI in the antenna of A. polyphemus. (A) Sex-biased expression of ApolORI. RT-PCR was
performed with a specific primer pair for ApolORI and cDNAs prepared from male and female antennae. Primers for actin
were used to control the integrity of the cDNA. The positions of marker bands (bp) are indicated. (B and C) Electron
micrographs of the male antenna. (D-F) Localization of ApolOR |-expressing cells on the antenna. In situ hybridization with
DIG-labeled ApolORI antisense RNA was carried out on cross sections through antennal side branches. Hybridization
signals were visualized by red fluorescence. (D and E) Male antenna. (D) Projection of a stack of optical sections. The red
fluorescence channel and the transmitted-light channel have been overlaid. Scale bar: 10 ym. In (E) only the red fluorescence
channel is shown. (F) Hybridization of an ApolORI probe to an antennal section of a female. Selected image from a stack of
optical sections. The transmitted-light and red fluorescence channel have been overlaid. Scale bars: 200 pm in (B), 50 pm in
(C), 10 pm in (D) and (F).
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Responsiveness of ApolORI to pheromone
components

To investigate if one of the three Antheraea
sex-pheromone components might activate ApolOR1,
we generated a HEK293 cell line which stably ex-
pressed this receptor type. The responsiveness of
these cells to the pheromonal compounds AC1, AC2
and AL (1 nM), dissolved in the organic solvent
DMSO, was analyzed by calcium imaging experi-
ments (Fig. 3A). ApolOR1 cells did not respond to a
control stimulus (0.1% DMSO, 0.1% hexane) but a
clear increase in intracellular calcium levels was ob-
served upon application of AC1, AC2 or AL. Closer
examination of the responses recorded from single
cells showed a rapid and transient time course of the
calcium signals. Subsequently, the response of these
cells to different concentrations of the pheromonal
compounds was determined. To quantify the
dose-dependent responses, the fluorescence intensity
ratios of at least 30 ApolOR1-expressing cells were
determined before (Fo) and after stimulus application
(F; peak of response). Mean F/F, values from inde-
pendent experiments were averaged and normalized
to experiments with a control stimulus. The results
indicate that all three pheromone components led to a
dose-dependent response; the response to AL was
slightly stronger than to AC1 and AC2 (Fig. 3B). Al-
though explicit responses of single cells were already
observed at 10-100 pM, statistically significant re-
sponses to all three compounds were first observed at
1 nM. Together, these results indicate that
ApolOR1-expressing cells do respond to pheromonal
compounds of Antheraea. In fact, under the experi-
mental conditions (compounds solubilized by means
of DMSO), all three substances elicited a response of
ApolOR1-cells. This observation confirms results of
previous studies which demonstrated that heterolo-
gously expressed moth pheromone receptors respond
to more than one pheromone compound, suggesting
that the receptors alone do not account for the specific
responses of pheromone-responsive neurons ob-
served in vivo [22, 23, 25]. Moreover, these studies
have provided evidence that PBPs contribute to the
specificity and sensitivity of the pheromone detection
system.

ApolORI-expressing neurons are surrounded by
PBP-expressing cells

In A. polyphemus, three different PBP subtypes
have been described [13, 19]. To get a first hint at
which of the three PBP subtypes could mediate re-
sponses of ApolOR1 to its cognate ligand in vivo, we
set out to examine their expression in the antenna.
Toward this goal we performed double in situ hy-
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bridization experiments on sections through the male
antenna employing a DIG-labeled ApolOR1 probe in
combination with biotin-labeled probes for the dif-
ferent PBPs (Fig. 4A-C). The combination of the
ApolOR1 probe (red) with the ApolPBP1 probe
(green) revealed ApolOR1-expressing cells closely
associated with ApolPBP1-expressing cells (Fig. 4A).
Experiments employing the probe combinations
ApolPBP2/ ApolOR1 or ApolPBP3/ ApolOR1 resulted
in similar patterns (Fig. 4B and C). These findings
show that ApolOR1-expressing neurons are enshea-
thed by cells expressing ApolPBP1, ApolPBP2 and
ApolPBP3 and imply a co-expression of all three PBP
subtypes in supporting cells. To scrutinize this notion
we performed double in situ hybridization experi-
ments with combinations of the different PBPs. Fig.
4D exemplarily shows an experiment using a
DIG-labeled ApolPBP2 probe and a biotin-labeled
ApolPBP3 probe. The result shows staining of the
same cells by the two PBP probes indicating
co-expression of both PBPs in the same cells. Compa-
rable experiments employing other PBP probe com-
binations led to similar staining patterns (data not
shown). Hence, these results support the notion that
all three PBP subtypes are present within the sensil-
lum lymph of trichoid sensilla bathing the dendrites
of ApolOR1-expressing neurons. Accordingly, all
three PBPs could be implicated in the solubilization
and the transfer of hydrophobic pheromonal com-
pounds and in the activation of ApolORI.

Ability of ApolPBPs to mediate pheromone re-
sponses of ApolORI

Consequently, we assessed all three PBP types
for their capability to replace the organic solvent
DMSO in the functional calcium imaging assay of
ApolOR1-expressing cells (Fig. 5). In initial imaging
experiments a concentration of 1 nM AC1, AC2 or AL
was employed. At this ligand concentration, all three
PBPs were able to mediate a significant response of
ApolOR1-cells to the three compounds. The responses
obtained with ApolPBP2 or ApolPBP3 were slightly
stronger than with ApolPBP1 (Fig. 5). When the re-
sponse of ApolOR1-cells in the presence of PBPs was
determined at a 1000-fold lower pheromone concen-
tration (1 pM), a different picture emerged. With a
concentration of 1 pM pheromone, only PBP2 in
combination with AL led to a strong response of the
ApolOR1-cells (Fig. 5). Neither ApolPBP1 nor
ApolPBP3 in combination with any of the Antheraea
pheromonal compounds resulted in an activation of
ApolOR1-cells. These results suggest a specific inter-
play between ApolOR1, ApolPBP2 and AL. To further
explore the specificity of PBP2 and AL to activate the
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ApolOR1-cells, all three pheromonal compounds
were analyzed at different concentrations (Fig. 6). The
dose-response experiments revealed that a maximal
ApolOR1-cell response mediated by ApolPBP2 could
be elicited with all three compounds, albeit at very
different concentrations. It was found that a combina-
tion of ApolPBP2 and AL elicited responses already at
a pheromone concentration as low as 10 fM whereas

elicited a maximal response. Thus, in the presence of
ApolPBP2, the sensitivity of the ApolOR1-cells to the
pheromone AL is about three orders of magnitude
higher than to the two other compounds. At low
concentrations, ApolPBP2 mediates a specific re-
sponse of ApolOR1-cells to AL and confers a very
high sensitivity of the system to this pheromone
component.

for ApolPBP2/AC1 and ApolPBP2/AC2 first re-
sponses were observed at about 10 pM; at this con-
centration the combination ApolPBP2/AL already

A
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Fig. 3. Responses of ApolOR|-expressing Flp-In T-REx293/Gal5 cells to stimulation with different Antheraea pheromonal
compounds. (A) Pseudocolour images indicate calcium levels in response to application of a control solution (0.1% DMSO,
0.1% hexane) or to stimulation with ACI, AC2 or AL (I nM) solubilized with 0.1% DMSO. Traces show responses of
representative cells from the measurements shown in the pseudocolour images above. Responses are shown as changes in
Fura-2 fluorescence intensity ratios (340/380 nm) over time. (B) Responses of ApolOR I -cells to stimulation with phero-
monal compounds solubilized with 0.1% DMSO at different concentrations. Bars represent the mean F/F, + SE from 3-7
independent measurements with at least 30 cells each. Response values have been normalized to the response to the control
solution. Statistic analysis was done by one-way ANOVA followed by Dunnett’s post test. Significant increases are indicated
by asterisks, *p < 0.05, **p < 0.01.
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A

Fig. 4. Expression of ApolORI and ApolPBPs in the A. polyphemus antenna. Double in situ hybridizations were performed
with combinations of DIG-labeled and biotin-labeled antisense RNA probes on cross sections through male antennal side
branches. Hybridization of probes was visualized by detection systems leading to red (DIG-label) or green (biotin-label)
fluorescence. (A-C) Hybridizations using combinations of ApolORI and ApolPBP probes. (A) ApolORI and ApolPBPI, (B)
ApolORI and ApolPBP2, (C) ApolORI and ApolPBP3. The images to the left represent selected pictures taken from stacks
of optical sections and show an overlay of the red and green fluorescence channels and the transmitted-light channel. Scale
bars: 10 pym. Higher magnifications of the areas boxed are shown on the right sides, the upper of the two pictures showing
the left boxed area and the lower pictures showing the right boxed area. Only the red and green fluorescence channels are
shown; images represent projections of stacks of optical sections. Scale bars: 5 pm. (D) Double in situ hybridization with
ApolPBP2 (DIG-label) and ApolPBP3 (biotin-label). Depiction as in A-C, details of the left image are displayed on the right
(red or green fluorescence channel). Scale bars: 10 pm.
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Fig. 6. Dose-response profile of ApolPBP2-mediated re-
sponses of ApolORI-cells to different concentrations of
Antheraea pheromonal compounds. AL, continuous line;
ACI, dashed line; AC2, dotted line. ApolPBP2 (1uM) was
preincubated with different concentrations of ACI, AC2 or
AL and used for stimulation of ApolOR|-expressing cells.
Responses are displayed as mean F/F, * SE ratios deter-
mined from 3-8 independent measurements with at least 30
cells each. Mean responses of cells have been normalized to
measurements with ApolPBP2 only.

Discussion

In the present study, we have identified recep-
tors from A. polyphemus (ApolOR1) and A. pernyi
(AperOR1) which could clearly be assigned to the
relatively conserved group of moth pheromone re-
ceptors (Fig. 1B). The predominant expression of
ApolOR1 in male antennae, more precisely in cells
located beneath long pheromone-sensitive sensilla
trichodea (Fig. 2) further supported the notion that
they may represent receptors for pheromones. This
view was substantiated by analyzes of HEK293 cells
which stably expressed the ApolOR1 receptor. When
pheromones dissolved in DMSO were applied,
ApolOR1-expressing cells responded to AC1, AC2
and AL in a similar manner (Fig. 3). This rather broad
response profile of ApolOR1 to pheromonal com-
pounds was in contrast to the specific reaction profile
of pheromone-responsive neurons in the male an-
tenna [6] and suggested that the response profile of
ApolOR1 in isolation does not account for the ob-
served in vivo specificity. Previous studies have pro-

vided strong indications that PBPs may contribute to
the specificity of pheromone induced responses [22,
23, 25, 42]. The first hint at an involvement of PBPs in
pheromone detection was the discovery of the first
moth PBP in A. polyphemus antennal preparations as
apparently single protein band which binds a trit-
ium-labeled pheromone component [16]. Subsequent
studies identified three cDNAs encoding distinct PBP
subtypes of similar molecular weight [13, 19] sug-
gesting that the originally reported single band may
in fact have been comprised of three proteins. In ac-
cordance with this, we could show expression of all
three PBP subtypes in the antenna. Moreover, our in
situ hybridization studies indicate co-localization in
the same sensillum, implying that each PBP might
play a specific role in presenting one of the three
pheromone components to its respective receptor. The
three ApolPBP subtypes have recently been shown to
interact differentially with the pheromone compo-
nents AC1, AC2 and AL [20, 21]; ApolPBP1 preferen-
tially binds to AC1, ApolPBP2 to AL and ApolPBP3 to
AC2 [11, 19, 43]. While the ApolPBPs can also bind
molecules other than their preferred pheromone
ligand [21, 34], only the appropriate pheromonal
compound seems to induce a specific change in
ApolPBP conformation [20]. This observation was
recently confirmed by analyzes of the Drosophila
binding protein LUSH which can also bind a variety
of chemicals [24, 44, 45] but only binding of the
pheromone 11-cis vaccenyl acetate (cVA) leads to a
specific conformational change [24].

The effort to explore which combination of bind-
ing protein subtype and pheromone component may
be most suitable for activating the ApolOR1 receptor
revealed that at low pheromone concentration only
the combination of ApolPBP2 and the pheromone AL
activated the ApolOR1-cells (Fig. 5). The observation
that at high pheromone concentrations all three
ApolPBPs mediated a response suggests that under
these conditions PBPs act as rather unspecific solubi-
lizers for hydrophobic compounds, similar to solvents
like DMSO, whereas at physiologically more relevant
concentrations the suitable PBPs mediate a more spe-
cific reaction. These findings could be explained by
different binding affinities of the PBPs for their re-
spective ligands. At low concentrations only
ApolPBP2 might be capable of interacting with AL
with high temporal probability whereas ApolPBP1
and ApolPBP3 can only offer similar interactions at
higher AL concentrations. While competitive binding
assays have indicated very similar affinities of an
ApolPBP for the three Antheraea pheromone compo-
nents [34] other studies could determine significant
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differences in the binding affinities of moth PBPs for
different pheromone components of the respective
species [46, 47]. In addition to an increased specificity
at low pheromone concentrations, also the sensitivity
for the appropriate PBP/pheromone combination was
increased by orders of magnitude. These results are in
line with earlier studies monitoring the response to
pheromones by recording from tip-opened sensilla of
Antheraea. It was found that perfusion of appropriate
PBPs into the sensillar hairs significantly decreased
the threshold for pheromone-induced responses [48,
49]. Early studies have estimated that a sensillum
lymph concentration of 1 pM pheromone is sufficient
to elicit a response of pheromone-sensitive neurons
[50, 51]. Thus, the pheromone receptors would have to
be activated at or below 1 pM. In our in vitro system
ApolOR1-cells responded robustly to picomolar
pheromone  concentrations when the right
PBP/pheromone combination was applied, indicating
responses at very low, physiologically relevant, con-
centrations. One explanation for the remarkable sen-
sitivity of the system when a pheromone component
is applied together with the appropriate PBP could be
a ‘cooperative’ receptor activation, i. e. activation by
the pheromone molecule on the one hand and by an
‘activated” PBP on the other hand. This view is sup-
ported by recent studies analyzing the Drosophila
pheromone receptor Or67d, which have demon-
strated that the receptor can be activated by high
concentrations of cVA alone, but also by a “constitu-
tively active’ mutant LUSH protein [24]. Thus, simul-
taneous binding of a pheromone molecule and an
‘activated” PBP to a pheromone receptor could in-
crease pheromone receptor sensitivity.

Together, the findings of this study indicate that
ApolOR1 serves as the receptor for AL, a
sex-pheromone component of A. polyphemus and
suggest that at physiological pheromone concentra-
tions the highly specific and sensitive response of
AL-neurons in sensilla trichodea on the male antenna
is based on a molecular interplay of the pheromone
receptor ApolOR1 and the pheromone binding pro-
tein ApolPBP2. Such an interplay between a PBP and
a pheromone receptor could also facilitate the detec-
tion of other components of the pheromone blend. In
addition to the AL cell, more than 80% of the large
trichoid sensilla on the male antenna are equipped
with a neuron sensitive to AC1 while smaller trichoid
sensilla frequently contain neurons responsive to all
three compounds [6]. The presence of all three PBP
subtypes in these sensilla suggests that they selec-
tively deliver the respective pheromone components
to the respective pheromone receptors, which would
account for the differential specificities of the phero-

mone-responsive neurons. Future studies aimed at
the identification and functional characterization of
additional Antheraea pheromone receptors will con-
tribute to elucidate whether ‘functional receptor/PBP
units’ also exist for the other Amntheraea pheromone
components and if such ‘units’” may represent a gen-
eral principle in moth pheromone detection.
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