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a b s t r a c t
In Drosophila, dopamine plays important roles in many biological processes as a neuromodulator. Previous studies showed that dopamine level could affect ﬂy courtship behaviors. Disturbed dopamine level
leads to abnormal courtship behavior in two different ways. Dopamine up-regulation induces male–male
courtship behavior, while down-regulation of dopamine level results in increased sexual attractiveness of
males towards other male ﬂies. Until now, the identity of the dopamine receptor involved in this abnormal male–male courtship behavior remains unknown. Here we used genetic approaches to investigate
the role of dopamine receptors in ﬂy courtship behavior. We found that a dopamine D1-like receptor,
DopR, was involved in ﬂy courtship behavior. DopR mutant male ﬂies display male–male courtship
behavior. This behavior is mainly due to the male’s increased propensity to court other males. Expression
of functional DopR successfully rescued this mutant phenotype. Knock-down of D2-like receptor D2R and
another D1-like receptor, DAMB, did not induce male–male courtship behavior, indicating the receptortype speciﬁcity of this phenomenon. Our ﬁndings provide insight into a possible link between dopamine
level disturbance and the induced male–male courtship behavior.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
Courtship behavior is one of the most complex behaviors in
Drosophila, involving interactions of multiple sensory modalities
between males and females. When courting a female, a male ﬂy
orients to the female, follows her, vibrates his wings toward her,
taps her with forelegs, licks her abdomen, attempts to copulate
with her, and ﬁnally succeeds in copulation[1–4]. These step-bystep rituals provide a model for the investigation of genes and neural circuits underlying this complex behavior.
The most important genetic pathway that controls courtship
behavior of Drosophila is the sex determination hierarchy, which
consists of four genes, Sex-lethal (Sxl), transformer (tra), fruitless
(fru) and doublesex (dsx) [5,6]. Sexually speciﬁc transcription of
tra, fru and dsx leads to the anatomical and behavioral differences
between males and females, including sexual behaviors [7–10].
Dopamine, via different receptors [11], regulates many aspects
of ﬂy development and behaviors, such as arousal [12–14], classical olfactory learning [15–19] and choice behavior [20]. Our previous work showed that dopamine level was important for normal
ﬂy courtship behavior and that abnormal dopamine level led to

disturbed courtship behavior. When dopamine level was up-regulated, male ﬂies courted wild type males vigorously [21], while
males with down-regulated dopamine level displayed increased
sexual attractiveness toward wild type males [22]. These results
indicate that a medium dopamine level is required for normal male
courtship behavior.
Dopamine receptors are categorized into two families, D1-like
and D2-like family. When activated, D1-like receptors activate
adenylyl cyclase, while D2-like receptors inhibit it [23]. Several
dopamine receptors have been identiﬁed in Drosophila [24–26].
Although the important role of dopamine level in regulating courtship behavior has been determined, the identity of the receptor
through which this regulation is accomplished remains unclear.
Here, we used behavior assays together with genetic, electrophysiological and molecular methods to investigate the role of DopR, a
D1-like receptor, in Drosophila courtship behavior. Our studies indicate that mutation of DopR can lead to male–male courtship
behavior.
2. Materials and methods
2.1. Fly stocks and ﬂy culture
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CS ﬂies were used as wild type ﬂies. DopRPL00420/TM3,Sb
(Bloomington Drosophila Stock Center) and DopRf02676/TM6B (The
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Exelixis Collection at the Harvard Medical School) is the DopR mutant lines used in the experiments. elav-Gal4 was a pan-neural
expressing Gal4 driver. V105324 and V11471 (Vienna Drosophila
RNAi Center) are DAMB (DAMB is another D1-like receptor, different from DopR) and D2R (a D2-like receptor) RNA interference
strains under the control of UAS. Flies were raised under
12 h day/night photo cycles, at 25 °C and 60% relative humidity.
All ﬂies used for courtship assays were collected within 4 h after
eclosion and reared individually in standard unyeasted food vials.
For all behavior tests, 5–7 days old ﬂies were used.
2.2. Behavior assays
2.2.1. Paired courtship assay
A courter ﬂy and a decapitated courtee ﬂy were transferred into
a courtship chamber without anesthesia. The behavior of the courter towards the courtee was recorded with a camera and analyzed
later. Courtship Index (CI) is the percentage of time the courter
spent courting the courtee within 5 min [27].
2.2.2. Competitive courtship assay
Two decapitated courtee, one male and one female, were
presented to one courter male simultaneously [27]. Preference Index (PI) was calculated according to the following equation:
PI = (TfTm)/300, where Tf and Tm represent the time courter spent
courting the female and the male in 5 min, respectively.
2.2.3. Locomotor activity test
A ﬂy was transferred into a small chamber, which was divided
into two identical parts by a midline. The number of times that a
ﬂy crossed the midline within 5 min was used to measure the ﬂy’s
locomotor activity [27].
2.2.4. Olfactory sensitivity test
Olfactory sensitivity test was used to test ﬂy’s avoidance of
4-methylcyclohexanol (MCH) and 3-octanol (OCT) at different concentrations as previously described [28].
2.2.5. Proboscis extension response
Flies were ﬁxed on slides after overnight starvation. After recovery for 2 h in a humid box, proboscis extension response was
elicited by touching tarsi of ﬂy’s forelegs with a drop of sucrose
solution. Five trials were performed for each ﬂy, and the number
of proboscis extension was recorded. To avoid adaptation, the time
interval between trials was at least 30 s [28].
2.2.6. Two-choice assay
Two-choice assay was used to test ﬂy’s gustatory sensitivity for
bitter material [29]. After a 18 h starvation period, 50 ﬂies were
transferred into a 60-well plate containing alternating wells of
1 mM sucrose (containing 0.25 mg/ml indigo carmine, 1% agar)
and 5 mM sucrose plus 20 mM caffeine (containing 0.5 mg/ml sulforhodamine, 1% agar). Flies were fed for 4 h in the dark at 25 °C.
According to the color of ﬂies abdomen (red, blue or purple), ﬂies
were categorized and scored after the plate was frozen at 20 °C.
The Preference Index (PI) was calculated according to the following
equation: PI = (Nred + 0.5 Npurple)/(Nred + Nblue + Npurple), where Nred,
Nblue and Npurple represent the number of ﬂies with red, blue and
purple abdomens.
2.3. Electroretinogram recordings (ERG)
We modiﬁed the protocol described previously [30]. A single ﬂy
was anesthetized with ice and immobilized in dental wax. The reference microelectrode was ﬁlled with 3 M KCl and gently inserted
into the thorax. The recording microelectrode was ﬁlled with 3 M

KCl and inserted into the center of the eye. Fly was dark adapted
for 1 min. A 1s light pulse was presented every 10 s for ﬁve times.
ERG signal was recorded with Multiclamp 700B (Axon CNS), and
analyzed with the software Clampﬁt 10.2.
2.4. Molecular biology
2.4.1. RNA isolation
Fly heads were collected after 200 ﬂies were snap frozen with
liquid nitrogen. RNAs were extracted following standard Trizol
method.
2.4.2. Real-time quantitative PCR (qPCR)
RNA quality was assessed using the Lab-on-a-Chip 2100 Bioanalyzer (Agilent) platform. 2 mg total RNA was treated with RQ1
DNase (Promega), and then reverse-transcribed with oligo(dT)
primers and Superscript III reverse transcriptases (Invitrogen).
Real-time PCR was carried out with SYBR Premix Ex Taq™ II kit
(Takara) using an ABI PRISM 7000 real-time PCR Detection system
(Applied Biosystems). The relative mRNA level was calculated
using the comparative CT method [31]. rp49 was used as the reference gene. Three repeats were performed for each sample, and data
from three independent samples were collected and analyzed. Primer sequences used for qPCR are as follows: rp49: 50 -CCAAGGA
CTTCATCCGCCACC-30 , 50 -GCGGGTGCGCTTGTTCGATCC-30 ; DopR:
50 -GAAGTCCATCAAGGCGGTAA-30 , 50 -AGCCAGGTGAGGATCTTGAA30 ; DAMB(DopR2): 50 -CGCGAATTCCTGCGAGGGATGG CGAGATG-30 ,
50 -CGCTCTAGAGTGCGAATGGGAGTGCGAGTG-30 ; D2R: 50 -CAC AAG
GCCTCGAAAAAGAA-30 , 50 -GCGAAACTCGGGATTGAATA-30 [32].
3. Results and discussion
3.1. DopR mutation induced male–male courtship behavior
Since up-regulation of dopamine level induces male–male
courtship, we tried to identify the dopamine receptor involved in
this male–male courtship behavior. We focused on a D1-like receptor, DopR, which is localized mainly in the mushroom bodies, and
the central complex [33]. When paired courtship assays were
performed, one homozygous DopR mutant line, DopRPL00420 [14],
showed strong male–male courtship (Courtship Index (CI) =
38.4 ± 4.4, N = 29) (Supplementary Movie 1 and Fig. 1A). Unlike
dopamine level up-regulated ﬂies and some other mutant ﬂies,
when several DopRPL00420 mutant male ﬂies were transferred into
a small chamber, no courtship chaining was observed [1,2]. The
male–male courtship induced by DopR mutation could be the result of two different effects, an active courtship towards the target
by DopRPL00420 mutant male, or increased sexual attractiveness of
DopRPL00420 male to the courter. Paired courtship assay with one
mutant male and one wild type male was used to investigate
which effect results in this male–male courtship behavior. Heterozygous DopRPL00420 (DopRPL00420/+) mutants show nearly no courtship towards wild type male (CI = 3.4 ± 2.6, N = 24). However,
homozygous male DopRPL00420 mutants court wild type male
(CI = 17.0 ± 3.5, N = 35) (Supplementary movie 2). Real-time quantitative PCR (qPCR) showed that DopRPL00420/DopRPL00420 male ﬂies
showed lower DopR mRNA level compared to wild type males (75%
of wild type DopR mRNA level) (Fig. 1D). For some unknown reasons, no courtship was observed when another homozygous DopR
mutant line, DopRf02676 [14], was tested (CI = 1.2 ± 0.6, N = 21).
Interestingly, although both heterozygous and homozygous
DopRf02676 mutant display no male–male courtship behavior, the
trans-heterozygous mutant male DopRPL00420/DopRf02676 shows
courtship towards wild type male ﬂy (CI = 11.7 ± 3) (Fig. 1B) and
this male–male courtship behavior is statistically greater than
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Fig. 1. DopR mutant male ﬂy displays male–male courtship behavior. (A) Courtship Index (CI) for homozygous DopRPL00420 mutant male towards DopRPL00420 mutant target
male (N = 29) and CI for wild type male towards wild type male (N = 22). (B) CI for wild type male and different DopR mutant males towards wild type males (N = 22, 21, 24,
23 and 35). (C) CI for wild type male towards homozygous DopRPL00420 mutant male (N = 23). (D) Homozygous DopRPL00420 mutant male DopR mRNA level was lower than
that of wild type male. Values are shown as means ± SEM. Mann–Whitney Rank Sum Test was used to evaluate the statistical signiﬁcances of differences. , , N. S. stands for
P < 0.05, P < 0.001 and no signiﬁcant difference, respectively.

Fig. 2. DopR mutant shows normal sexual appeal and female preference compared to wild type male. A. Courtship Index (CI) for wild type male (N = 29) and homozygous
DopRPL00420 mutant male (N = 37) towards wild type female. B. Preference Index (PI) for wild type male (N = 21) and homozygous DopRPL00420 mutant male (N = 19) in
competitive courtship assay. Values are shown as means ± SEM. Student’s t-test was used to evaluate the statistical signiﬁcances of differences.  and N. S. stands for P < 0.05
and no signiﬁcant difference, respectively.
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Fig. 3. Rescue of male–male courtship phenotype by expression of DopR. (A) Structure of the DopRf02676 insertional allele, the UAS is in the ﬁrst intron. (B) Expression of
functional DopR rescues the male–male courtship phenotype. Courtship Index (CI) for elav/Y; DopRPL00420/DopRf02676 (N = 33), DopRPL00420/DopRf02676 (N = 23), and elav/Y
male ﬂies (N = 20). (C) elav/Y; DopRPL00420/DopRf02676 showed higher DopR mRNA level compared to DopRPL00420/DopRf02676 and elav/Y ﬂies. Values are shown as
means ± SEM. Mann–Whitney Rank Sum Test was used to evaluate the statistical signiﬁcances of differences.  stands for P < 0.05.

the level displayed by heterozygous DopRPL00420/+ mutants
(CI = 11.7 ± 3 vs. CI = 3.4 ± 2.6). Furthermore, courtship behavior
of wild type males was only slightly (but statistically signiﬁcantly)
increased (CI = 7.8 ± 3.3, N = 23) (Fig. 1C). Therefore, we focused on
the male–male courtship behavior DopRPL00420 mutant displayed
towards target ﬂies in our following experiments. It is noticeable
that the CI for DopRPL00420/ DopRPL00420 male towards
DopRPL00420/DopRPL00420 male is higher than that for DopRPL00420/
DopRPL00420 male towards wild type male. A possible reason is that
the former CI is a combinatory result of the mutant courter’s courtship behavior towards target and the slightly increased attractiveness of the mutant courtee. Our results suggest that DopR
mutation leads to male–male courtship behavior mainly through
the increased propensity of mutant males to court other males.

[34]. We performed competitive courtship assay [27] to test
whether the DopR mutant is capable of distinguishing between female and male. Preference index (PI) was used as a measurement
for male’s courtship preference. A positive PI demonstrates that
the courter prefers female, and a negative PI stands for male-preference. If the courter displays no preference, PI would be zero, indicating that the courter can’t distinguish between male and female.
The assay results showed that DopRPL00420 mutant male displayed
nearly exclusive courtship towards the female (PI = 55.7 ± 5.3,
N = 19) (Fig. 2B). Therefore the male–male courtship induced by
DopR mutation is not due to gender blindness.

3.2. The male–male courtship displayed by DopR mutant ﬂy is not
caused by an increased sexual appeal

Locomotor and sensory defects can also affect normal courtship
behavior of Drosophila. To examine whether DopR mutants display
any of these defects, locomotor activity, general olfactory and gustatory sensitivity tests were performed [27,28]. Locomotor activity
tests showed that DopR mutants display normal locomotor activity
as control ﬂies (Supplementary Fig. 1A). The mutants are also as
sensitive as wild type ﬂies to different concentrations of aversive
odors (4-methylcyclohexanol and 3-octanol, MCH and OCT) in
olfactory sensitivity tests (Supplementary Figs. 1B and 1C). The
mutants are even more sensitive towards OCT. Proboscis extension
response tests [28] showed that DopR mutants and wild type ﬂies
are equally sensitive towards sweet material (different concentrations of sucrose) (Supplementary Fig. 2B). Two-choice assays [29]
results suggested that the mutant ﬂies are as sensitive as wild type
towards bitter material (caffeine) (Supplementary Figs. 2A and 2C).
Therefore the male–male courtship displayed by DopR mutant ﬂies

The male–male courtship displayed by DopR mutant could be
caused by an increased sexual appeal. To examine whether it is
the case for our observations, we tested ﬂies sexual appeal towards
wild type female. No difference was observed between DopR mutant males (CI = 51.9 ± 2.8, N = 36) and wild type males
(CI = 51.9 ± 3.7, N = 29) (Fig. 2A), indicating that the male–male
courtship is not due to increased sexual appeal.
3.3. Male–male courtship behavior displayed by DopR mutant is not
due to incapability of distinguishing between female and male targets
Previous reports indicate that male–male courtship could be induced by ﬂies inability to distinguish female from male targets

3.4. DopR mutant ﬂies showed normal sensory and locomotor activity
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Fig. 4. Knock-down of DAMB doesn’t induce male–male courtship behavior. (A) Courtship Index (CI) for ﬂy with pan-neural knock-down of DAMB (N = 19) and its controls
(V105324/+ N = 15, elav/Y N = 20). (B) DAMB mRNA level was knocked down in elav/Y; V105324/+ ﬂies. (C) A hypothetical mechanism of DopR insensitivity for male–male
courtship behavior induced by DopR mutation. Values are shown as means ± SEM. Mann–Whitney Rank Sum Test was used to evaluate the statistical signiﬁcances of
differences. , N. S. stands for P < 0.01, no signiﬁcant difference, respectively.

is unlikely to be caused by abnormal locomotor activity, or general
sensory defects.
Visual signal is also an important sensory input for courtship
behavior [2]. We recorded electroretinograms (ERGs) [30] to test
whether the DopR mutant displays vision defects. The results show
that DopRPL00420 mutant ﬂies display normal ERGs (DopRPL00420/
DopRPL00420 ERG amplitude = 12.1 ± 0.72, N = 10, Wild type ERG
amplitude = 12.9 ± 0.98, N = 9) (Supplementary Fig. 2D), indicating
that the male–male courtship is unlikely to be caused by abnormal
photoreceptor function.
3.5. Rescue of the male–male courtship phenotype by expression of
functional DopR
To further conﬁrm our observation that DopR mutation leads to
male–male courtship, we performed a DopR rescue experiment.
The DopRf02676 mutation was caused by a piggyBac transposon
insertion into the ﬁrst intron of the DopR allele. The UAS element
in the transposon is functional as a transcription activating sequence under the control of Gal4 protein [14] (Fig. 3A). Transcription from the DopRf02676 mutant gene is predicted to produce a
truncated protein(s) with a short-ended extracellular domain. Previous studies reported that the missing N-terminal was nonessential for DopR function [35]. Therefore spatially speciﬁc rescue can
be accomplished in ﬂies with a Gal4 transgene and a DopRf02676

mutant allele. This strategy has been successfully used in previous
studies [14,17]. Paired courtship assays showed that elav/Y;
DopRPL00420/DopRf02676 males displayed reduced male–male courtship behavior (CI = 3.6 ± 0.65, N = 33) compared to trans-heterozygous DopRPL00420/DopRf02676 males (Fig. 3B). Real-time quantitative
PCR tests showed that DopR mRNA level was much higher in elav/
Y;; DopRPL00420/DopRf02676 (17.8 folds of DopR mRNA level compared to DopRPL00420/DopRf02676 trans-heterozygous mutant) than
DopRPL00420/DopRf02676 trans-heterozygous mutant and elav/Y ﬂies,
indicating that the rescue strategy was successful (Fig. 3C). Altogether, these results conﬁrmed our observation that mutant DopR
ﬂies displayed male–male courtship behavior, and this homosexual
behavior was not likely to be caused by a insertion effect.
3.6. The induction of male–male courtship shows receptor-type
speciﬁcity
Similar to other animals, dopamine accomplishes its various
functions through two types of receptors in Drosophila, D1-like
and D2-like receptors. DAMB, another D1-like dopamine receptor,
has been shown in previous studies [25] to play an important role
in classical olfactory learning. To investigate whether the male–
male courtship we observed is exclusive to DopR defect, we took
advantage of the Gal4/UAS binary system [36] and RNA interference [37] to manipulate DAMB expression level. No obvious
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male–male courtship was observed when DAMB was pan-neurally
knocked down by driving V105324 with elav-Gal4 (Fig. 4A). Realtime quantitative PCR conﬁrmed the knock-down of DAMB (16%
of DAMB mRNA level compared to V105324/+) (Fig. 4B). Previous
studies have also identiﬁed one D2-like dopamine receptor, D2R
[26]. Pan-neural knock-down of D2R did not induce male–male
courtship, either (Supplementary Fig. 3A). Results of real-time
PCR experiments showed that D2R mRNA was successfully
knocked down when V11471 was driven by elav-Gal4 (37% of
D2R level compared to control) (Supplementary Fig. 3B). These
results showed that dopaminergic regulation of courtship behavior
is receptor subtype speciﬁc, and highlighted the role of DopR in
this process.
In Drosophila, dopamine has been extensively studied for its
roles in various biological processes. Our recent studies indicate
that dopamine level is critical for normal courtship behavior.
Abnormal dopamine level leads to two different male–male courtship behaviors [21,22].
Our research here shows that at least one D1-like dopamine
receptor, DopR, is involved in courtship behavior regulation. DopR
mutant ﬂies show male–male courtship similar to dopamine upregulated ﬂies. This result provides a possible link between dopamine level disturbance and the male–male courtship it endowed.
A recent report suggests that altered neurotransmitter concentration in synaptic cleft could induce male–male courtship behavior,
possibly as a result of changed sensitivity of postsynaptic receptors
towards the neurotransmitter [34]. It is possible that our results on
male–male courtship behavior induced by dopamine level disturbance and DopR mutation were caused by a similar mechanism.
Medium concentration of dopamine and postsynaptic DopR level
might be necessary for normal courtship behavior. Up-regulated
dopamine level may lead to desensitization of DopR to dopamine,
which results in DopR being less sensitive to changing dopamine
level in the synaptic cleft. We speculate that as a result of this
insensitivity to dopamine modulation, male ﬂies display active
male–male courtship behavior. Similarly, in DopR mutant ﬂies,
dopamine is unable to modulate synaptic connection via DopR,
which represents an extreme case for DopR’s insensitivity to dopamine, leading to male–male courtship behavior (Fig. 4C).
More than one dopamine receptors have been identiﬁed previously in Drosophila. Our results showed that not all dopamine
receptors are involved in ﬂy courtship behavior. Another D1-like
receptor, DAMB, doesn’t seem to be a key factor in Drosophila
courtship behavior, because knock-down of DAMB did not induce
male–male courtship behavior. Similarly, knock-down of D2R, a
D2-like receptor, did not induce male–male courtship behavior.
These results indicate that different dopamine receptors might
modulate synaptic transmissions underlying different behaviors.
Altogether, our study showed that a D1-like dopamine receptor,
DopR, is involved in Drosophila courtship behavior. DopR mutation
leads to male–male courtship behavior, and rescue of DopR expression eliminates this homosexual courtship behavior. The male–
male courtship behavior was speciﬁc to mutants of DopR receptor.
and was not seen in ﬂies with deﬁcits in DAMB and D2R receptors.
This male–male courtship behavior was similar to that induced by
the up-regulated dopamine level, and both might be a result of
DopR’s insensitivity to dopamine. Further research is required to
test this hypothesis and to reveal the mechanism underlying the
male–male courtship behavior induced by DopR mutation.
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