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Fifty nine candidate olfactory receptor (Or) genes have recently
been identified in Drosophila melanogaster, one of which is Or43a.
In wild-type flies, Or43a is expressed at the distal edge of the third
antennal segment in about 15 Or neurons. To identify ligands for
the receptor we used the Gal4/UAS system to misexpress Or43a in
the third antennal segment. Or43a mRNA expression in the an-
tenna of transformed and wild-type flies was visualized by in situ
hybridization with a digoxigenin-labeled probe. Electroantenno-
gram recordings from transformed and wild-type flies were used
to identify cyclohexanol, cyclohexanone, benzaldehyde, and ben-
zyl alcohol as ligands for the Or43a. This in vivo analysis reveals
functional properties of one member of the recently isolated Or
family in Drosophila and will provide further insight into our
understanding of olfactory coding.

he ability to identify a huge diversity of ordorants is

essential for the survival of many animals. Diverse trans-
duction mechanisms contribute to the initial events underlying
olfactory perception in the primary olfactory receptor neurons
(ORNs) in vertebrates and invertebrates. More than 1,000
different odorants were shown to attract the insect species
Daus dorsalis (1). Also fruit flies have been shown to be
capable of odor discrimination (2). The initial steps in order
perception take place at the olfactory receptor (Or) localized
in the ORNE.

Recently, in Drosophila melanogaster, 59 genes were found
based on structural criteria that identified them as putative Or
genes (3-5). These receptor genes encode for seven trans-
membrane-domain proteins, which exhibit low homology to
known vertebrate and invertebrate Ors. By in situ hybridization
RNA of 32 Ors were found in the soma of ORNSs of the third
antennal segment and seven exclusively in the maxillary palps,
a second olfactory organ in Drosophila. ORNSs are situated in
different types of sensory hairs, which are arranged in a
specific manner on the surface of the antenna. Each sensory
hair bears 2-4 ORNSs that send their afferent projections to
one of the 43 glomeruli in the antennal lobe, the first olfactory
processing center (6). Using transformed flies, Vosshall et al.
(7) and Gao et al. (8) could show that subsets of ORNs express
only one type of Or and that individual ORNs with the same
Or converge to the same glomerulus. This organization re-
flects the known model of odortopic representation both in the
antennal lobe and on the third antennal segment. Thus far,
none of these putative Ors have been proven to have olfactory
function.

In this study we identified ligands for the Or Or43a and
thereby give evidence for its olfactory function. For this
approach we used the GAL4/UAS system to misexpress
Or43a, described previously as DORS87 or 43B1 (3-5), in the
third antennal segment. Or43a is expressed at the distal edge
of the third antennal segment and is not found in the maxillary
palps. Increasing the amount of ORNs that express this
receptor should result in an elevated electroantennogram
(EAG) when stimulated with a ligand. By in vivo measure-
ments, we show that responses to benzaldehyde (Bz), benzyl
alcohol (Bzl), cyclohexanol (Cyl), and cyclohexanone (Cyc)
are increased.

www.pnas.org/cgi/doi/10.1073/pnas.151105698

Materials and Methods

Fly Stocks and Construction of Transformants. Flics were reared on
a standard cornmeal-molasses-agar medium and kept at 25°C in
an incubator with 12-h day/night cycle. Wild-type Oregon R and
transformed flies with yellow-white mutant background were
used for in situ hybridization experiments and EAG recordings
from the antenna.

The complete reading frame of Or43a or Or22b was cloned
into pUAST vector to generate the final transformation vector.
yellow-white flies were transformed by using standard proce-
dures. Three of the original transformed individuals were used
to derive the tested strains designated as UAS-Or43a-1c, UAS-
Or43a-3c, and UAS-Or22b. These lines had P-element insertions
in chromosomes 1 or 3, respectively. All UAS lines were ho-
mozygous viable and were crossed with the Gal4 driver line
GH320 to generate 87-1c, 87-3c, and 67-3c as was done with the
UAS-LacZ line to isolate a Gal4/UAS-LacZ line.

In Situ Hybridization and Immunocytochemistry. /n situ hybridization
was carried out as described by Vosshall et al. (5). Briefly, flies
mounted in OCT (Microm, Walldorf, Germany) were shock-
frozen in liquid nitrogen, and sections of 10 um were tested.
After fixation with 4% paraformaldehyde, acetylation, and
subsequent prehybridization of sections was carried out at 58°C
for 1 h. Hybridization with the biotinylated Or43a probe was
performed overnight at 58°C. Immuncytochemical labeling was
accomplished according to Stortkuhl et al. (9). After blocking
with normal goat serum in phosphate buffer (PBS + 0.1% Triton
X-100) the digoxigenin probe was stained with an alkaline
phosphatase-coupled antidigoxigenin antibody (1:1,000 in PBS
+ 0.1% Triton X-100) and color development was controlled
under a Zeiss microscope for 20—60 min.

Double-labeling of cryosections from antenna with anti-elav
and anti-LacZ antibody was carried out according to Stortkuhl
et al. (9). Flies were fixed in 4% paraformaldehyde for 3 h at 4°C.
After blocking with 1% BSA, the monoclonal anti-elav antibody
and the polyclonal anti-LacZ antibody (Rockland, Gilbertsville,
PA) were diluted 1:100 and 1:1,000, respectively, in PBS + 1%
Triton X-100. Flies were incubated overnight at 4°C in the
antibody solution. After washing in phosphate buffer, and
subsequent incubation with a second fluorescence-coupled an-
tibody (anti-rabbit Cy3-coupled antibody to identify anti-LacZ
antibody and anti-mouse Cy2-coupled antibody to identify anti-
elav antibody), staining was analyzed under a Zeiss microscope.
Using a fluorescence filter system with an excitation of 485 nm
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and 578 nm, fluorescence of both secondary antibodies could be
analyzed simultaneously.

Electrophysiological Recording on the Antenna. To measure elec-
trophysiological responses to different odorants on the an-
tenna in vivo, we recorded EAGs using the method described
in refs. 10-12. Briefly, 1-day-old flies were mounted in trun-
cated micropipette tips with the anterior portion of the head
protruding from the end of the tip. The tip was seated on wax
in the middle of a Petri dish that was filled with Drosophila
Ringer and was grounded by an electrode immersed by the
liquid that filled the Petri dish. The indifferent electrode was
inserted into the hemolymph of the head capsule. The record-
ing electrode was placed on the frontal surface of the anterior
aspect of the antenna. After obtaining a stable baseline, EAG
recordings were initiated by a short pulse of odor, applied
through a syringe into an air stream (1 liter/min) that was
directed toward the antenna. All odorants were dissolved in
paraffin oil at the given concentrations with the exception of
1,4-cyclohexanedione and vanillin, which were dissolved in
water (0.25 g/ml = saturated solution). Odorants used were
acetone (J. T. Baker), Bz (Fluka), Bzl, butanol (J. T. Baker),
cinnamyl alcohol (Riedel-de Héen, Seelze, The Netherlands),
Cyl (J. T. Baker), Cyc (J. T. Baker), 1,4-cyclohexanedione
(Fluka), ethylacetate (Ea; J. T. Baker), hexanone (Fluka),
propionaldehyde (J. T. Baker), and vanillin (Fluka).

Results and Discussion

Or43a Misexpression in the Adult Antenna. To demonstrate olfac-
tory properties for Ors in Drosophila, we ectopically expressed
one candidate Or, Or43a (Drosophila Odorant Receptor No-
menclature Committee, 2000). Using the Gal4/UAS technique
(13, 14), we increased the number of ORNs that expresses that
Or. We reasoned that an electrophysiological response measured
from such transformed flies would be elevated for ligands
specific to the Or, whereas unspecific odorants would evoke
responses unchanged in wild-type flies.

We used receptor gene Or43a, described previously as
DORS7 or 43Bl1, that is expressed in wild-type flies, in a
limited number of cells (15) at the distal edge of the antenna
(5) (Fig. 14) for this approach. To generate transformed flies,
in which Or43a was ectopically expressed in additional ORNS,
we cloned cDNA Or43a (a kind gift from L. Vosshall, Rock-
efeller University, New York) into the pUAST vector. We
isolated two lines, UAS-Or43a-1c and UAS-Or43a-3c, that
contained Or43a cDNA and crossed these flies with a Gal4
line, GH320 (a kind gift from G. Heimbeck, University of
Fribourg, Fribourg, Switzerland), that expresses Gal4 in ORNs
of the third antennal segment (see below). The progeny of
these crosses were the transformed lines designated 87-1c and
87-3c. These lines exhibited Gal4-driven ectopic Or43a expres-
sion in the third antennal segment as revealed by in situ
hybridization with a digoxigenin-labeled antisense probe.
Compared with wild-type, the number of Or43a-expressing
cells was drastically increased in 87-1c and 87-3c (Fig. 1B). In
addition to the cells at the distal edge of the antenna, which are
labeled in wild-type flies, there were Or43a-expressing cells in
the transformed flies in a more proximal region that is covered
mainly by large sensilla basiconica.

Before testing flies from the transformed lines 87-1c and
87-3c, we wanted to verify that the ectopic expression of
Or43a in the antenna was in ORNs. Because there is no
anti-Or43a antibody available to visualize Or43a expression in
the antenna directly, we alternatively determined LacZ ex-
pression in the driver line GH320. Double labeling was per-
formed in a GH320/UAS LacZ line to show Gal4-driven LacZ
expression in the antenna. Elav antibody was used to identify
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Fig. 1. Or43ais expressed in neuronal cells. mRNA expression of Or43ain a
10-um thick cryosection through the third antennal segment of (A) wild type
and (B) line 87-3c as visualized by in situ hybridization with a digoxigenin-
labeled cDNA probe. Although few cells are stained in wild type, the number
of Or43a-expressing cells is increased in the antenna of 87-3c. Immunostaining
of 10-um horizontal cryosections of the antenna. (C) Interphase contrast
picture of the third antennal segment of the Gal4/UAS-LacZ line. (D) The same
section with anti Elav-antibody (green) as neuronal marker and with (E) anti
LacZ-antibody (red). (F) Fluorescence labeling was visualized with a Zeiss filter
Nr.24 (emission at 460 nm, 530 nm, and 610 nm). Colocalization of Elav and
LacZ can be identified by yellow color indicating neuronal expression of both
proteins. Few neuronal cells do not have LacZ expression (arrows). (Bar =
5 wm.)

neuronal cells. Labeling with anti-LacZ as well as anti-Elav
antibody was ubiquitous over the entire antenna (Fig. 1 D and
E). Colocalization (Fig. 1F) of both antigens indicated Gal4
expression in the third antennal segment, mainly in neuronal
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Fig. 2.

Increased EAG response of lines 87-1c and 87-3c to Bz. (A) Average of 10 EAG-recordings each from 1) transformed line 87-3c misexpressing Or43a and

2) wild-type flies. (Upper) Black bar indicates the given odorant pulse (1.0 sec) with a concentration of 10~2in paraffin oil. (B) EAG response of wild type, Or43a
misexpressing lines 87-1c and 87-3¢, and Or22b misexpressing line 67-3c to Bz diluted 10-2 in paraffin oil (n = 20) for each genotype and (C) to acetone (Ac),
butanol (But), Ea, and propionaldehyde (Pa), all diluted 1072 in paraffin oil (oil). n = 20 for each genotype tested with each odorant.

cells. From these observations we concluded that in the
transformed lines 87-1c and 87-3c Or43a was expressed ec-
topically in ORNSs.

Misexpression of Or43a in the Antenna Revealed the Ligand Bz. To
identify the ligands for Or43a, we recorded EAGs from the lines
87-1c and 87-3c as well as from wild-type and parental lines
(GH320, and transformants: UAS-Or43a-1c and UAS-Or43a-
3c¢). In addition, we used a control line 67-3¢ to exclude unspe-
cific increase of the EAG response based on different genetic
background (9). This line misexpressed a different Or, namely
OR22b, in the whole antenna (data not shown). We chose a
number of odorants, many of which have been used as biological
relevant stimuli in previous experiments (15-19). EAG record-
ings of 87-1c and 87-3c showed increased responses in the EAG
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to Bz (Fig. 2 A and B). Bz diluted 102 in paraffin oil elicited an
EAG amplitude of 12.42 mV (£0.87 SEM) or 13.70 mV (*+0.45
SEM) in 87-1c and 87-3c, respectively, and a significantly lower
amplitude in wild-type flies (8 mV * 0.44 SEM) and line 67-3c
(8.43 mV = 0.47 SEM). In contrast, butanol, acetone, Ea, and
propionaldehyde elicited EAGs that were similar in amplitude in
all Gal4/UAS lines and wild type (Fig. 2C). For further exper-
iments we used line 87-3c because it exhibited the highest
increment in the EAG response to Bz.

The increased response of line 87-3c to Bz is concentration
dependent (Fig. 34). Or43a-misexpressing flies (87-3c) as well as
parental lines (UAS- Or43a-3c; GH320) showed electrophysio-
logical responses that were not significantly different from
responses of wild-type flies when tested with dilutions of Bz
higher than 1073, However, application of higher concentrations
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Fig. 3. Increased EAG response to Bz is concentration dependent. EAG

response to different concentrations of (A) Bz and (B) Ea dissolved in paraffin
oil. In most cases error bars are too small to be shown on the graphs. GH230
and UAS-Or43a-3care parental lines whereas 87-3c misexpresses Or43a.n = 25
tests for each genotype.

of Bz elicited significantly higher responses in the transformed
line 87-3c (Fig. 34). In response to a 10! dilution of Bz, line
87-3c had an EAG amplitude that was twice as high as that of
wild-type flies, 16.89 mV = 0.31 SEM for 87-3c versus 8.89 *
0.34 SEM for wild type. There was no further increment in the
EAG of either wild-type or 87-3c flies that were stimulated with
undiluted Bz (Fig. 34). The odorant Ea, in contrast, evoked
similar responses in control and transformed flies at all concen-
trations tested (Fig. 3B).

Our results are in good agreement with previous findings from
both behavior experiments and electrophysiological measur-
ments. Several mutants have been isolated that have a defect in
the perception of Bz but were still able to respond normally to
Ea or vice versa (16, 18).

Moreover there is an odortopic presentation on the antenna.
Siddiqi (20) showed that the distal part of the antenna possesses
a high sensitivity for Bz and Cyc, which is suitable with that
region, and Or43a mRNA is detectable by in situ hybridization.
In contrast, Ea sensitivity was detected at a proximal portion of
the antenna.

9384 | www.pnas.org/cgi/doi/10.1073/pnas.151105698
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Fig. 4. EAG response to different concentrations for (A) Cyl and (B) Cyc

dissolved in paraffin oil. In most cases error bars are too small to be shown on
the graphs. n = 25 tests for each genotype.

Or43a Recognizes Cyclic Molecules with a Polar Group. Is Bz the
only ligand for the Drosophila Or Or43a? Drosophila is thought
to sense hundreds of odorants, suggesting that some of the 59
candidate Ors, at least, bind more than one ligand. To
determine whether this is the case for Or43a, we tested the
structurally related chemicals Cyl, Cyc, and Bzl. We also tested
flies with hexane and hexanol, which are composed of a
six-carbon chain. All of the compounds with a cyclic ring
elicited increased electrophysiological responses in the EAG
of transformed flies (Fig. 4 and Table 1). The most dramatic
effect was seen with Cyl (Fig. 44). Dilutions of 1072 elicited
EAGs with amplitudes of 14.00 mV (£0.63 SEM) in trans-
formed flies versus 5.63 mV (+1.00 SEM) in wild-type flies.
Line 87-3c showed a dosage-dependent increase of the EAG
to both Cyc and Cyl (Fig. 4). Application of these substances
with increasing concentration led to increasing increment of
the EAG of transformed flies. In contrast, stimulation with a
1072 dilution of hexanone or hexanol elicited responses in
transformed flies that were not significantly different from
those of wild-type flies (Table 1).

What happens if one increases the number of polar groups
attached to the six-carbon ring? The water-soluble compound
1,4-cyclohexanedione with two polar oxygen groups, and vanillin
with two more polar groups bound to the cyclic ring, elicited
EAG responses in transformed and wild-type flies that were not
higher than those obtained by water (Table 1). Similarly, cin-
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Table 1. EAG of wild-type and transformant 87-3c

Table 1. Continued

Odorants Wild type 87-3c n Odorants Wild type 87-3c n
OH H
Z X
8mV + 0.76 7.75mV = 0.53 6 o
~° 1.58 mV = 0.14 1.29 mV = 0.18 12
cinnamyl alcohol vanillin
(Cal) (vVa)
OH
NN
15.36 mV = 1.18 15.177 mV = 0.87 10
4 mV +0.71 6 mV = 0.45 10 hexane
benzyl alcohol (Hex)
(Bzl) N 0H
o 18.58 mV = 0.98 17.29 mV = 0.36 10
! hexanol
1.98 mV = 0.89 117 mV = 0.26 12 (Heb
’ - ’ - water 1.50 mV + 0.18 1.14 mV * 0.29 12

o

1,4-cyclohexadione
(1,4 Cyd)

namyl alcohol with an extended polar residue attached to the
cyclic ring showed no elevated EAG in transformed flies (Table
1). Obviously, additional polar group or a prolonged polar
residue attached to a six-carbon ring inhibits these odorants from
binding to the receptor Or43a.

In summary, we identified four ligands, Cyl, Bz, Cyc, and Bzl,
for Or43a by using an in vivo system and by detecting an
increased amplitude in the antennal EAG to these ligands. The
EAG measured reflects the overall electrophysiological activity
recorded at the proximal portion of the antenna. Therefore we
cannot exclude modulations of the EAG amplitude based on
cellular interactions in the antenna. In contrast to the methods
used to identify ligands in mammals (21-25) we used trans-
formed flies that ectopically expressed Or43a in ORNs of the
third antennal segment. These identified odorants have in com-
mon a six-carbon ring and one polar group attached to the ring.
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Mean amplitudes of EAG responses in mV from wild-type and transformed-
line 87-3c. Odorants were tested at a concentration of 10-2diluted in paraffin
oil with the exception of 1,4 cyclohexadione and vanillin, which were satu-
rated in water (0.25 g/ml). n = number of tested flies; = is SEM.

Further evidence for ligand specificity is provided from a
heterologous system.

Flies’ Ors are, in at least one respect, similar to those of higher
organisms. They obviously are also able to recognize multiple
odorants, as shown by analysis of Or43a. Further studies with this
straightforward approach for identifying ligands without the
necessity of having mutant alleles of Ors will show whether other
Drosophila Ors are similar to Or43a with respect to ligand
perception.
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