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Evolutionary conservation 
and diversification of auditory 
neural circuits that process 
courtship songs in Drosophila
Takuro S. Ohashi 1, Yuki Ishikawa 1,6*, Takeshi Awasaki 2, Matthew P. Su 1,3, 
Yusuke Yoneyama 1, Nao Morimoto 4 & Azusa Kamikouchi 1,5,6*

Acoustic communication signals diversify even on short evolutionary time scales. To understand how 
the auditory system underlying acoustic communication could evolve, we conducted a systematic 
comparison of the early stages of the auditory neural circuit involved in song information processing 
between closely-related fruit-fly species. Male Drosophila melanogaster and D. simulans produce 
different sound signals during mating rituals, known as courtship songs. Female flies from these 
species selectively increase their receptivity when they hear songs with conspecific temporal patterns. 
Here, we firstly confirmed interspecific differences in temporal pattern preferences; D. simulans 
preferred pulse songs with longer intervals than D. melanogaster. Primary and secondary song-relay 
neurons, JO neurons and AMMC-B1 neurons, shared similar morphology and neurotransmitters 
between species. The temporal pattern preferences of AMMC-B1 neurons were also relatively similar 
between species, with slight but significant differences in their band-pass properties. Although the 
shift direction of the response property matched that of the behavior, these differences are not large 
enough to explain behavioral differences in song preferences. This study enhances our understanding 
of the conservation and diversification of the architecture of the early-stage neural circuit which 
processes acoustic communication signals.

Many animal species utilize sound for communication. Acoustic signals used in courtship (i.e., courtship songs) 
are especially diversified during the evolutionary process even among closely related  species1. Numerous play-
back experiments have shown that differences in courtship songs contribute to species recognition and mate 
choice (e.g. night monkey, greenish warbler, Darwin finch, and fruit  fly2–6). Moreover, it has been suggested that 
song diversification accelerates speciation by preventing interspecific hybridization (e.g. cicada and Hawaiian 
 cricket7–9 but see Chen and  Wiens10). The divergence of acoustic communication thus plays a key role in animal 
diversification. Accordingly, signal-processing systems are expected to evolve to correspondingly recognize 
these diversified signals. However, how the auditory neural circuits that process courtship songs have evolved 
according to signal diversification has not yet been delineated.

Previous comparative studies in several animal species aiming to understand the neural mechanisms of 
sound processing evolution mostly focused on the responsible genetic loci or peripheral  systems11,12. Compara-
tive studies on auditory sensory cells of related species have revealed that the carrier frequency of these cells is 
tuned to the range of conspecific signals (e.g. fruit fly, mosquito, and  anuran11,13,14). However, decoding more 
complex features, such as amplitude modulation or the sound intervals which characterize species specificity 
of courtship songs, is challenging when processing only with sensory cells. Indeed, the neural circuits down-
stream of sensory cells are known to play major roles in recognizing such complex acoustic  features15–18. Thus, 
to understand how neural systems which process complex characteristics of conspecific songs have diversified, 
interspecific comparisons of the downstream neural circuit are  required19.
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Drosophila melanogaster is an excellent model for auditory studies due to its ability to discriminate sounds dur-
ing acoustic communication and the availability of both genetic and connectomic tools for circuit  dissection20,21. 
Males of most Drosophila species (including D. melanogaster) produce courtship songs by wing  vibration22–24. 
Females, on the other hand, demonstrate an increase in copulation receptivity after hearing conspecific  songs6,25, 
indicating the ability to discriminate sounds with conspecific characteristics.

The courtship songs of the melanogaster subspecies group (e.g., D. melanogaster, D. simulans, and D. mau-
ritiana) generally comprise two components, trains of pulses (‘pulse songs’) and sequences of humming (‘sine 
songs’)26. Most of the behaviorally-relevant species-specific characteristics have been found in the pulse  song6. 
Two major characteristics of the pulse song, inter-pulse interval (IPI; the intervals between two pulses) and intra-
pulse frequency (IPF; a principal frequency component of the individual pulse), are different among the mela-
nogaster subspecies  groups13,27. In D. melanogaster, pulse songs with conspecific IPI and Kyriacou & Hall (KH) 
cycles (periodic cycling of mean IPI) increase females’ mating receptivity more than those with heterospecific 
features, suggesting that IPI is a critical parameter of the courtship song for female receptivity; on the other hand, 
females have been reported to be unlikely to discriminate the IPF of pulse  songs28–32 (but see Deutsch et al.29). This 
further suggests that D. melanogaster has a neural circuit that discriminates the conspecific IPI of pulse songs.

D. simulans, the closest relative of D. melanogaster, serves as an exceptional model for evolutionary  studies33–36. 
These two species diverged 2.5–3.4 million years ago and are reproductively  isolated37,38. In each species, whole-
genome sequences, as well as transgenics and genome-editing techniques, are  available39,40. Comparative studies 
using these two species have revealed responsible genomic regions, relevant genes, and neural functions for 
phenotypic  divergences35,36. Recently, the introduction of regulatory sequences that induce gene expressions 
in specific neurons from D. melanogaster into D. simulans has allowed reproducible and precise interspecific 
comparison of homologous  interneurons36. These features, combined with the expanding knowledge of neuronal 
circuitry in D. melanogaster41,42, have advanced D. simulans as a compelling model for understanding sensory-
processing evolution at the neural circuit level.

Like D. melanogaster, males of D. simulans court females with a pulse song. However, the song characteristics, 
namely IPI and IPF, are significantly different between the two species: IPI and IPF are ~ 55 ms and ~ 320 Hz in 
D. simulans, but ~ 35 ms and ~ 170 Hz in D. melanogaster,  respectively13,27. D. simulans females also increase their 
receptivity when exposed to a pulse song with a conspecific IPI comparatively more than those with heterospecific 
 IPIs6. Although the song parameters used in previous reports included both species-specific mean IPIs and their 
KH cycles, IPI preference, a behavioral outcome of auditory sensory processing, is still implied to have diverged 
between the two closely related species, with D. simulans potentially preferring longer IPIs than D. melanogaster. 
This suggests that the auditory neural circuits that specify IPI preference are also diversified between the two 
species, but no comparative studies on the neural circuits that process song information have been conducted.

In D. melanogaster, sound is detected by the Johnston’s organ (JO), the site of auditory mechanotransduc-
tion located at the antennal  ear43. Mechanosensory neurons in the JO, denoted as JO neurons, are the primary 
neurons of the auditory pathway of  flies20,44,45. Song information is transmitted mainly from a subset of JO 
neurons (subgroup-B neurons; JO-B neurons) to the major secondary auditory neurons, AMMC-B1 neurons, 
which then relay song information to higher-order  neurons46. Transmissions from JO-B neurons to AMMC-B1 
neurons are the first step for IPI information processing in the auditory neural circuit of D. melanogaster; while 
songs with shorter IPIs generate stronger responses in JO-B neurons, the response of AMMC-B1 neurons to the 
short-IPI song (i.e., 15-ms IPI) is significantly attenuated, thereby shifting its response peak to a longer IPI song 
(i.e., 25-ms IPI)31. However, whether this first step of information processing of D. melanogaster is conserved or 
diversified from its sister species D. simulans has not been verified.

In this study, we first systematically compared the behavioral responses to artificial pulse songs with a series 
of IPIs between D. melanogaster and D. simulans females. Next, to draw a parallel between the early-stage audi-
tory neural circuits, the morphology and neurotransmitter of JO neurons and AMMC-B1 neurons of the two 
species were characterized. After frequency characteristics of AMMC-B1 were compared, we contrasted neural 
responses of AMMC-B1 neurons to artificial pulse songs with different IPIs between the species. Our findings 
indicate an overall conserved, though still slightly divergent, architecture of the early-stage auditory neural circuit 
between the closely related species.

Results
D. melanogaster and D. simulans exhibit species-specific IPI preferences at a behavioral 
level. Females of D. melanogaster and D. simulans increase their copulation receptivity when they are exposed 
to a courtship song with a conspecific IPI and KH cycles (Fig. 1a)28,31. However, KH cycles have recently been 
suggested to be aliasing  artifacts47,48. So far, the behavioral responses of females to various IPI songs without KH 
cycles were not systematically compared between the two species. To investigate the effect of IPIs without KH 
cycles on these two species, we compared the courtship receptivity of females exposed to artificial songs with 
varying IPIs between the two species (Fig. 1b).

In general, D. simulans showed slower copulation responses than D. melanogaster, reminiscent of a previous 
study that reported slower auditory behavioral responses in D. simulans than in D. melanogaster (Fig. 1c)49. In 
D. melanogaster, pulse songs with IPIs between 35 and 95 ms induced a high copulation rate, while D. simulans 
highly copulated at 35-ms and 55-ms IPI songs (Fig. 1c, Right).

To summarize the response properties to different IPI songs, we used restricted mean time lost (RMTL) as 
an indicator to represent the area under the curve of the cumulative copulation  rate50. In this analysis, a larger 
RMTL reflects that flies are more likely to copulate. Songs with a 15-ms IPI induced the smallest RMTLs in both 
species, suggesting that this short-IPI song is the least preferred song (Fig. 1d). The largest RMTL, on the other 
hand, appeared different between these two species. In D. melanogaster, the highest RMTL was found for the 
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35-ms IPI song and gradually decreased for longer IPI songs. In D. simulans, the song with a 55-ms IPI resulted 
in the largest RMTL, while that with a 35-ms IPI resulted in the second largest. These tendencies matched well 
with their conspecific IPIs (i.e., 35 ms in D. melanogaster and 55 ms in D. simulans).

Indeed, statistical analysis using the Cox proportional hazard model clearly indicated that the IPI preference of 
55-ms over 35-ms was significantly stronger in D. simulans than in D. melanogaster (p = 0.043; See Supplementary 
methods, Fig. 1d inset and Supplementary Table S1). These findings in females suggest that mating preferences 
in both species diverged to show preference towards the IPI of conspecific songs.

Conserved properties of JO neurons between species. JO neurons in the fly ear contain the primary 
auditory neurons that relay song information to the brain. A previous study has shown that the response of JO 
neurons to pulse songs is relatively similar in both D. melanogaster and D. simulans, implying that these sibling 
species are equally sensitive to pulse songs of both species at the level of the primary auditory  neurons51. To 
examine whether other aspects in the early stage of the fly auditory neural circuit are also conserved, we initi-
ated a systematic comparison of song-relay neurons between females of the two species. First, we compared the 
number, as well as the neurotransmitter and projection patterns, of JO neurons.

To identify cell bodies of JO neurons in both species, we labeled neuronal cell bodies via a rat anti-Elav anti-
body. We judged labeled cell bodies as forming a cluster in the a2 segment as the cell bodies of JO neurons. We 

Figure 1.  Behavioral responses of two Drosophila species to artificial songs with varying IPIs. (a) Courtship 
songs of D. melanogaster and D. simulans. The song is comprised of sine and pulse songs. Inter-pulse intervals 
(IPIs) of the pulse song are ~ 35 ms in D. melanogaster and ~ 55 ms in D. simulans. Modified from Kamikouchi 
and  Ishikawa21. (b) Female copulation assay. An artificial pulse song (Right) was played via a loudspeaker to 
fly pairs in a courtship chamber (Left). Pulse songs designed with a conspecific intra-pulse frequency (IPF; 
the principal frequency component of pulses, see Supplementary Fig. S1) were used. Modified from Yamada 
et al.31. (c) Cumulative copulation rates during exposure to artificial pulse songs with different IPIs. Left, 
D. melanogaster. Right, D. simulan. n = 38–46 pairs per stimulus. (d) Restricted mean time lost (RMTL) of 
cumulative copulation rate for each song. Square dots and error bars represent the average of RMTL and 
standard errors, respectively. Inset shows hazard ratio of the interaction between IPI (35 ms and X ms) and 
species (D. melanogaster and D. simulans) in cumulative copulation rate (See Supplementary methods). The 
hazard score for the 35-ms IPI song in D. melanogaster was used as a reference. When the Hazard ratio (HR) 
is greater than 1, an increase of copulation rate in D. simulans at the song carrying a given IPI (15, 55, 75, or 
95-ms) from that at the 35-ms IPI song is higher than that in D. melanogaster. HR = 1.44, 2.30, 1.01, and 0.93, 
and p = 0.538, 0.043, 0.979, and 0.890 for 15, 55, 75, and 95-ms IPIs, respectively (Supplementary Table S1). A 
time window of 0–7 min after the onset of the experiment was used to maintain proportionality (Supplementary 
Table S6). Square dots and error bars represent the average and standard errors, respectively. n.s.: p > 0.05, *: 
p < 0.05; Cox proportional hazard test.
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excluded cell bodies located beneath the external sensory bristles on the a2 from cell counting, as these neuronal 
cells belong to the external sensory  organ52. In D. melanogaster females, the number of JO neurons was found 
to be 481 ± 6.3 (mean ± SD, n = 6), in accordance with a previous  report52. D. simulans females had 435 ± 9.4 JO 
neurons (mean ± SD, n = 6), ~ 8% fewer than D. melanogaster females (Fig. 2a). We found that most JO neurons 
of D. simulans were positively labeled with anti-Choline-acetyltransferase (ChAT) antibodies (Fig. 2b, Supple-
mentary Fig. S2a) indicating they are presumably cholinergic, as reported in D. melanogaster53–55.

In D. melanogaster, JO neurons are anatomically and functionally divided into five subgroups, subgroups 
A to  E20,52 (but see Hampel et al.56 for subgroup-F JO neurons). Axons of JO neurons innervate five zones in 
the antennal mechanosensory and motor center (AMMC) in the brain (Fig. 2c), in which each zone receives 
input from one of the five subgroups of JO  neurons52. We compared the zonal organization of JO neuron axons 
between the species by neural tracing (See “Methods”)52. The bifurcation patterns of the labeled projections, 
which innervate five zones in the AMMC in the D. melanogaster brain, were similar to those reported previously 
for JO  neurons52, validating our tracing method (Fig. 2d).

Neural tracing in D. simulans females revealed that labeled axons also projected to the five zones in the 
AMMC (Fig. 2d). These axons enter the brain from the antennal nerve (AN) as a single bundle and then bifurcate 
into zone A and the main trunk (MT). The MT separates off the second lateral bundle to form zone B, and further 
bifurcates to form zone E and the lateral core region (LC). LC branches off into zones C and D, and finally, zone 
D reaches the most posterior part of the brain (Fig. 2d). These bifurcation patterns were similar to those observed 
in D. melanogaster (Fig. 2d). Taken together, although the numbers of JO neurons are slightly different, the neu-
rotransmitter and axonal projection patterns of JO neurons into five zones are conserved between the species.

Next, we examined the auditory neural response of D. simulans JO neurons by utilizing in vivo calcium 
imaging. To label JO neurons genetically, we generated a D. simulans nanchung-GAL4 strain by introducing a 
555 kb upstream sequence of the nanchung gene of D. simulans, which is homologous to the sequence labeling 
most JO neurons in D. melanogaster (a.k.a. F-GAL4, see Kim et al.57 and Supplementary methods). To observe 
the projection patterns of the labeled neurons in the newly generated strain, we performed immunolabeling with 
an anti-GFP antibody. We found the D. simulans nanchung-GAL4 labeled only a subset of JO neurons, which 
innervate all zones in the AMMC except zone D (Supplementary Fig. S2b,c).

To investigate the auditory response of D. simulans JO neurons, we conducted calcium imaging using 
 GCaMP6f58. In D. melanogaster, subgroups A and B of JO neurons (JO-A and JO-B neurons respectively) com-
prise the major auditory sensory neurons, among which JO-B neurons are a dominant subgroup involved in the 
song-relay  pathway20,59. To record the calcium responses of D. simulans JO-B neurites, the AMMC zone B was 
focused on as in a previous report of D. melanogaster31. However, we found that D. simulans nanchung-GAL4 
showed low-intensity GCaMP signals compared to the D. melanogaster counterpart, and the AMMC zone B, as 
well as other zonal structures comprised of the axons of JO neuron subgroups, were difficult to identify with a 
GCaMP signal (Supplementary Fig. S2d). This sparse and weak labeling of D. simulans nanchung-GAL4 precluded 
an interspecific comparison of response properties specific to JO-B neurons.

Despite this limitation, we quantified the auditory responses of a subset of JO neuron axons, in which the 
GCaMP fluorescence during a sound stimulus was detectable (Fig. 2e,f). The axons of labeled subset showed 
robust calcium increases in response to pure tones (Fig. 2f). Although we were not able to assign the observed 
neural responses to specific subgroup(s) of JO neurons, our result indicated that the neurons labeled in the D. 
simulans nanchung-GAL4 strain at least responded to acoustic stimuli.

Conserved properties of AMMC-B1 neurons between species. In D. melanogaster, JO-B neurons 
transmit auditory information to AMMC-B1 neurons, the key secondary auditory neurons in the brain for 
processing song  information20,31,60. Silencing of the neural activity of AMMC-B1 neurons in previous studies 
has revealed their requirements for behavioral responses to courtship songs in  females31,61. To compare the mor-
phology of AMMC-B1 neurons between the species, we labeled D. simulans AMMC-B1 neurons with R49F09-
GAL4, which was previously used to label AMMC-B1 neurons in D. melanogaster61,62.

R49F09-GAL4 is known to label two types of neurons in the D. melanogaster brain (Supplementary 
Fig. S3)42. One type is AMMC-B1 neurons, bilateral neurons connecting the AMMC and wedge (WED) of both 

Figure 2.  Anatomy, neurotransmitter patterns, and sound responses of JO neurons in D. melanogaster and D. 
simulans. (a) JO-neuron cell number. Gray dots and colored crossbar indicate the values of each sample and 
median, respectively. ***p < 0.001; ART ANOVA. (b) ChAT signals in JO. Frontal confocal sections of JO within 
the second antennal segment are shown. Cell bodies of JO neurons were labeled with anti-Elav antibodies 
(magenta). JO neurons in both species were labeled with anti-ChAT antibodies (green). D Dorsal, L Lateral. (c) 
JO neuron axons innervating the AMMC region of the brain. JO neuron axons that express GFP by nanchung-
GAL4 driver of D. melanogaster are shown in green. Magenta signals show neuropil visualized using the nc82 
antibody. A white dashed square area is shown in (d). (d) Frontal confocal sections of the AMMC along the 
trajectory of JO neuron axons in D. melanogaster (top) and D. simulans (bottom) females. The fluorescent 
signals surrounded by dotted lines, which indicate the neurites projecting to the AMMC, are determined to be 
the axons of JO neurons (see “Methods”). D Dorsal, L Lateral. JON JO neurons, MT main trunk, LC lateral core 
region, A zone A, B zone B, C zone C, D zone D, E zone E. The depth (µm) from the most frontal section was 
annotated at the bottom left of each panel. (e) Experimental setup of calcium imaging. (f) Calcium responses of 
JO neuron axons to pure tones in D. simulans (Left, Middle). The sound stimulus, 167-Hz or 333-Hz pure tone, 
lasted 3 s (shaded gray area). Thin and bold lines show time traces of the response in each individual and the 
average of all individuals, respectively. The ROI (outlined in yellow) was set at the axon bundle of JO neurons 
where the fluorescent signals are observable during the sound stimulus (Right). P Posterior, L Lateral.

▸
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hemispheres (Fig. 3a, Left; Supplementary Fig. S3)60. The other is unilateral neurons (non-AMMC-B1 neurons) 
that project to the antennal lobe and lateral horn (Supplementary Fig. S3), which resemble olfactory ventral 
projection  neurons63. R49F09-GAL4 in D. simulans labeled morphologically similar neurons to both AMMC-B1 
and non-AMMC-B1 neurons labeled in D. melanogaster R49F09-GAL4 (Fig. 3a, Right; Supplementary Fig. S3). 
We thus concluded that the introduction of R49F09-GAL4 in D. simulans labeled the homologous set of neurons 
to their D. melanogaster counterparts.

The labeled cell bodies of D. simulans AMMC-B1 neurons were located dorsolateral to the antennal lobes, as 
for D. melanogaster AMMC-B1 neurons (Fig. 3a). These numbered five to eight in D. simulans and nine to twelve 
in D. melanogaster (N = 8 for D. simulans, N = 6 for D. melanogaster). The neurites of D. simulans AMMC-B1 
neurons projected to two neuropils, the AMMC and WED, which AMMC-B1 neurons of D. melanogaster also 
project to (Fig. 3a)60. To quantify the morphological similarity of AMMC-B1 neurons between the species, we 
compared the NBLAST scores within and between species (see Supplementary methods)64. We set the AMMC-
B1 neurons of a single D. melanogaster individual as a reference (Fig. 3b), and then set the AMMC-B1 of other 
D. melanogaster or D. simulans individuals as queries to obtain the NBLAST scores, each of which indicates the 
intra- and inter-specific similarity, respectively. The NBLAST score in D. melanogaster was 0.67 ± 0.015 (N = 7), 
while the score in D. simulans was 0.68 ± 0.017 (N = 5), with no statistical difference being found between the 
species (p = 0.82, ART ANOVA, Fig. 3c). These results indicate that the morphology of AMMC-B1, at least as 
labeled in R49F09-GAL4, is conserved between the species. A previous study reported that AMMC-B1 neurons 
in D. melanogaster are  cholinergic51. AMMC-B1 neurons in D. simulans were labeled with anti-ChAT antibodies 
(Fig. 3d), indicating that cholinergic properties are presumably shared between the species.

To examine the auditory responsiveness of AMMC-B1 neurons of D. simulans females, we monitored their 
calcium responses to pure tones ranging from 100 to 300 Hz. Lower-frequency sounds evoked higher responses 
of AMMC-B1 neurons in both species (Fig. 3e,f; p = 0.029, generalized linear model, Supplementary Table S2), 
with AMMC-B1 neurons barely responding to tones of 300 Hz. The interaction between frequency and species 
was slightly but significantly different (Species × Frequency; estimate = 3.30E−03, p = 5.587E−03), indicating that 
the preference for the lower frequency sound was significantly stronger in D. melanogaster than in D. simulans. 
Taken together, the basic properties of D. simulans AMMC-B1 neurons, such as morphology and neurotransmit-
ter distributions, resemble those of D. melanogaster AMMC-B1 neurons, though there are some species-specific 
differences in the frequency characteristics of sound responses.

Conserved IPI preference of AMMC-B1 neurons with some diversification between spe-
cies. Next, we investigated the responses of AMMC-B1 neurons to pulse songs. In D. melanogaster, pulse 
songs with shorter IPIs elicit stronger responses in JO-B neurons when testing songs with IPIs in the range 
of 15 to 105 ms (Fig. 4a)31. In contrast, AMMC-B1 neurons, which receive auditory inputs mainly from JO-B 
neurons, exhibit a typical reduction in response at 15-ms IPI (Fig. 4a)31. The transformation of IPI selectivity 
from JO-B neurons to AMMC-B1 neurons is thus regarded as the first step of IPI information processing in D. 
melanogaster. To examine whether the information processing at this level is conserved between the species, 
we compared the response properties of AMMC-B1 neurons to artificial pulse songs with various IPIs (ranging 
from 15 to 105 ms). AMMC-B1 neurons of both species showed increased calcium responses to these artificial 
pulse songs (Fig. 4b, Supplementary Fig. S4).

To investigate the IPI response properties of AMMC-B1 neurons, the normalized peak response, the highest 
response during the pulse song exposure (i.e., peak response) normalized by the summation of peak responses at 
all IPIs, was used as an indicator (see Supplementary methods). Our analysis revealed the IPI response properties 
of AMMC-B1 neurons with asymmetrical band-pass characteristics in both species (Fig. 4c). Among the tested 
pulse songs with IPIs from 15 to 105 ms in 10 ms increments, the highest responses were observed at 25-ms 
IPI in both species. The decays of the response from the 25-ms IPI to the shorter IPI were apparently steeper 
than that to the longer IPIs (Fig. 4c). These overall response patterns were consistent with previous reports in D. 
melanogaster30,31 and similar between the species.

Despite such overall similarity, a slight but significant difference was detected in the responses to the 15-ms IPI 
song. When we compared the response drops from the response at 25-ms IPI to other IPIs (defined as ∆responses 

Figure 3.  Anatomy, neurotransmitter patterns, and frequency characteristics of AMMC-B1 neurons in D. 
melanogaster and D. simulans. (a) Morphology of female AMMC-B1 neurons. GFP was expressed in AMMC-B1 
neurons by R49F09-GAL4 driver (green). Magenta signals show nc82 signals. White arrowheads indicate 
cell bodies of AMMC-B1 neurons. Arrows represent neurites projecting to the AMMC and WED. D Dorsal, 
L Lateral. (b) Schematic of the comparison of NBLAST scores. One D. melanogaster sample was set as the 
reference (top, dark gray). To quantify the intra-specific similarity of the morphology of AMMC-B1, seven other 
D. melanogaster samples were set as queries (Left, blue). To analyze interspecific similarities, five D. simulans 
samples were set as queries (Right, green). (c) NBLAST score of AMMC-B1 neurons of D. melanogaster (blue) 
and D. simulans (green). n.s.: p > 0.05; ART ANOVA. Gray dots and colored crossbar indicate the values of each 
sample and median, respectively. (d) AMMC-B1 neurons labeled with anti-ChAT antibodies. Green, AMMC-B1 
neurons labeled by R49F09-GAL4 drivers; magenta, ChAT signals. Dashed square areas were magnified in 
the right panels. D Dorsal, L Lateral. (e) Time traces of AMMC-B1 calcium response to pure tones in D. 
melanogaster (top) and D. simulans (bottom). The sound stimulus lasted 3 s (shaded gray area). Thin lines show 
time traces of the response in each individual. Bold lines represent the average of all individuals. (f) Normalized 
peak responses of AMMC-B1 neurons to pure tones of different frequencies in D. melanogaster (top) and D. 
simulans (bottom). Colored crossbars and gray dots represent median and individual data, respectively. Dots of 
the same individuals are connected with gray lines.

◂
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Figure 4.  Interspecific comparison of IPI response properties of AMMC-B1 neurons. (a) IPI response properties 
of JO-B and AMMC-B1 neurons in D. melanogaster. Modified from Yamada et al.31. (b) Time traces of AMMC-B1 
responses to artificial pulse songs with different IPIs. Responses to songs with 15–55 ms IPIs in D. melanogaster (blue) 
and D. simulans (green) are shown (See Supplementary Fig. S4 for all IPI data). Sound stimulus was comprised of 20 
pulses for each IPI song (shaded gray area). Pulse songs were designed with a conspecific IPF (see Supplementary 
Fig. S1). Thin and bold lines show time traces of the response in each individual and the average of all individuals, 
respectively. (c) Normalized peak responses of AMMC-B1 neurons to pulse songs in D. melanogaster (blue) and D. 
simulans (green). Dots show normalized peak responses in each individual, where dots of the same individuals are 
connected with lines. (d) Differences from normalized peak responses to pulse song with 25-ms IPI (i.e., ∆responses) 
in D. melanogaster (blue) and D. simulans (green). *p < 0.05; two-tailed t-test with Bonferroni correction. Crossbars 
show median and dots represent individual data. (e) Normalized peak responses fitted with Bayesian hierarchical 
model in D. melanogaster (blue) and D. simulans (green). Solid smooth lines represent fitted curves. Dots show 
normalized peak responses in each individual. Dots of the same individuals are connected with thin lines. Left: an 
overview of the fitting curve. Right: magnified view of short IPI range (left panel grey square). Dashed lines represent 
IPI where response peaks in D. melanogaster (blue) and D. simulans models (green), respectively. (f) Parameter values 
obtained from the fitted functions of D. melanogaster (blue) and D. simulans (green). Dots and crossbars represent the 
estimated parameters of fitting curves for each individual and all individuals, respectively. *p < 0.05, ***p < 0.001; Exact 
Wilcoxon rank sum test. (g) IPI at peak of individual fitting curve (See Supplementary Fig. S4) in D. melanogaster 
(blue) and D. simulans (green). Dots and crossbars indicate the estimated peak IPI of fitting curves for each individual 
and all individuals, respectively. ***p < 0.001; Exact Wilcoxon rank sum test.
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hereafter) between the species, the ∆responses only at 15-ms IPI were significantly lower in D. simulans than in 
D. melanogaster (p = 0.01 at 15-ms, Fig. 4d). This indicates that the decrease in response of AMMC-B1 neurons 
to short IPI stimuli in D. simulans is sharper than that in D. melanogaster. Notably, a difference in the IPFs of 
pulse songs had no significant effect on the IPI response properties of AMMC-B1 neurons (p = 0.113 at 15 ms, 
p = 0.990 at 35 ms, Supplementary Fig. S4).

In D. melanogaster, AMMC-B1 neurons receive both excitatory and inhibitory inputs (Supplementary 
Fig. S5)31. Inspired by this circuitry information, we fitted the normalized peak calcium responses of AMMC-
B1 neurons to a function comprising two types of decay curves by using a hierarchical Bayesian model (Fig. 4e; 
Supplementary Fig. S4, see Supplementary methods). The fit function is described by

in which one decay curve, ce−x/τd , is deducted from another curve, ae−x/τb . The parameters a and c are the 
intercept values of each decay curve and τb and τd are the time constants of each exponential decay. We esti-
mated the fitting function for each individual, and compared the estimated parameters and peaks between the 
species (Fig. 4f,g; Table 1). The fitting function faithfully recapitulated the actual values (Fig. 4e; Supplementary 
Fig. S4), and the estimated parameters were robust even when varying initial parameter values for fitting from 
0.01 to 1 (data not shown). All the parameters in the fitting function were significantly larger in D. simulans 
than in D. melanogaster (p = 3.85E−07 at a, p = 1.54E−06 at τb, p = 3.85E−07 at c, p = 0.011 at τd, Fig. 4f). Of all 
tested parameters, parameter c yielded the largest interspecific differences between the two species (D. simulans 
/ D. melanogaster =  ~ 1.925; Fig. 4f; Table 1). This result predicts that, at least in the range of parameter values 
estimated here, D. simulans AMMC-B1 receives a more profound reduction of neural responses to the short IPI 
song than D. melanogaster AMMC-B1 (Supplementary Fig. S5).

The estimated peak IPIs (the IPI where the fit function showed peak responses) of these fit functions con-
verged around 25-ms IPI in both species, but were slightly yet significantly larger in D. simulans than in D. 
melanogaster (p = 3.85E−07, mean: 21.64 ms in D. melanogaster, 25.04 ms in D. simulans; Fig. 4g). This implied 

y = ae−x/τb
− ce−x/τd

Table 1.  Parameters of fit function. Parameters of the average and each individual estimated by MCMC are 
shown. Calcium imaging datasets of D. melanogaster (N = 12) and D. simulans (N = 13) were used. An ID was 
assigned to each individual dataset. The ratios of average parameters between species are shown at the bottom 
(D. simulans/D. melanogaster).

Species ID a tau_b c tau_d peak

D. melanogaster

Average 0.2017 83.9797 1.8644 3.8980 21.6406

1 0.2013 84.0215 1.7965 3.8674 21.3527

2 0.2009 85.0849 2.1112 4.0494 22.9484

3 0.2021 83.7082 1.9231 3.8965 21.7417

4 0.2024 83.0712 1.5545 3.7737 20.2818

5 0.2014 84.8900 2.2657 4.1005 23.4844

6 0.2023 83.3108 1.8304 3.8540 21.3208

7 0.2011 84.3212 1.6926 3.8470 21.0305

8 0.2013 84.4185 2.0044 3.9433 22.1793

9 0.2024 82.8497 1.4995 3.7473 20.0106

10 0.2017 83.7572 1.7758 3.8357 21.1392

11 0.2013 84.9794 2.1943 4.1031 23.3643

12 0.2020 83.6037 1.8060 3.8435 21.2328

D. simulans

Average 0.2084 85.8339 3.5893 4.0434 25.0429

1 0.2085 85.0732 3.4764 3.9527 24.3868

2 0.2088 85.0319 3.3028 3.9362 24.0791

3 0.2081 86.4459 3.7934 4.1125 25.6852

4 0.2086 85.8512 3.5614 4.0390 24.9814

5 0.2083 86.1206 3.6220 4.0441 25.0961

6 0.2079 85.9810 3.6284 4.0277 25.0185

7 0.2074 87.1292 3.6964 4.0882 25.4785

8 0.2083 85.8879 3.5869 4.0156 24.8923

9 0.2083 85.5537 3.6050 4.0428 25.0496

10 0.2085 85.3784 3.5757 4.0142 24.8486

11 0.2088 85.4958 3.6800 4.0551 25.1912

12 0.2082 85.7921 3.6087 4.0395 25.0463

13 0.2079 86.7457 3.7893 4.1084 25.6735

D. simulans/D. melanogaster 1.0331 1.0221 1.9252 1.0373 1.1572
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that the IPI selectivity of AMMC-B1 in D. simulans shifts toward a longer IPI range than in D. melanogaster. 
In addition, larger a and τb values in D. simulans than in D. melanogaster predict that the relative responses of 
AMMC-B1 to the longer IPI songs are stronger in D. simulans than in D. melanogaster (Fig. 4f; Supplementary 
Fig. S5). Although the peak IPI ranges of AMMC-B1 neurons in these species, ~ 25-ms IPI, differed from their 
behavioral preferences (35-ms IPI for D. melanogaster and 55-ms IPI for D. simulans), the interspecific differences 
in the estimated peak IPIs of AMMC-B1 neurons were consistent with the direction of the IPI preference shift 
at the behavioral level (see Discussion, Fig. 1c,d). Altogether, the calcium imaging and subsequent modeling 
indicate that the response properties of AMMC-B1 neurons are mostly conserved, although a small diversifica-
tion between the two species was detected.

Discussion
Comparisons of acoustic communication in D. melanogaster and D. simulans serve as an excellent model to 
understand how sound communication has diversified in short evolutionary time  spans6,13,65–67. Abundant tools 
for genetics and connectomics are available in D. melanogaster, which enables detailed identification of the 
neural and molecular bases of sensory processing in this species. The introduction of these tools to D. simulans, 
in turn, allows us to make precise interspecific comparisons of homologous neurons. By combining this with the 
knowledge of the neural circuit of D. melanogaster, we can investigate how sensory processing has evolved at the 
circuit level. Here we applied this strategy to the auditory neural circuit for the first time, and investigated how 
the early stages of the circuit in females have been conserved and diversified between the closely related species.

Divergence of IPI preferences between species. We first demonstrated that the IPI preference of 
55-ms over 35-ms was significantly stronger in D. simulans than in D. melanogaster at the behavioral level. Sys-
tematic comparison of JO neurons and AMMC-B1 neurons, the primary and a major type of secondary auditory 
neurons respectively, revealed that morphology and neurotransmitter distributions were conserved between the 
species. In addition to this overall similarity, we found that AMMC-B1 neurons in D. simulans show a small shift 
in IPI response properties, in which the peak IPI shifted to longer intervals than in D. melanogaster. Notably, 
AMMC-B1 neurons in D. simulans have a steeper reduction of neural responses at shorter IPI songs when com-
pared to those in D. melanogaster.

Our findings provide strong evidence of conservation with a small diversification in the early stage of the 
auditory neural circuit, as suggested by a previous  study51. A small divergence in the early-stage song processing 
pathway, which we detected in this study, may serve as the first building block of the overall divergence of the 
entire song-processing pathway. Accordingly, our findings further support the idea of making precise compari-
sons between D. melanogaster and D. simulans auditory neural circuits as a powerful system for investigating 
the neural basis underlying the evolution of acoustic communication.

Conservation and diversification of JO neurons and AMMC-B1 neurons. The overall characteris-
tics of JO neurons and AMMC-B1 neurons are highly similar between D. melanogaster and D. simulans despite 
the difference in the IPI preference at the behavioral level. This suggests that the properties of the early-stage 
auditory neural circuit are evolutionally conserved in fruit flies. In the zebra finch, neurons that preferentially 
respond to the conspecific song are located in the latter stage of the auditory neural  circuit68,69. The combina-
tion of these studies and our findings provides some support for the conceptual premise that the properties of 
peripheral neurons may be evolutionally less flexible than that of higher-order neurons so that species-specificity 
rarely emerges in the early stage of the neural circuit that processes auditory information.

Despite these conservations, AMMC-B1 still has undeniable diversification in IPI characteristics, especially 
in the short IPI range. How are the different IPI response properties of AMMC-B1 neurons between the spe-
cies generated? A hint to answer this question may arise from our knowledge of the auditory neural circuit 
in D. melanogaster, where the IPI response properties of AMMC-B1 neurons are shaped by two GABAergic 
local interneurons (Supplementary Fig. S5)31. These interneurons, AMMC-LN and AMMC-B2, together form a 
feedforward inhibitory pathway from JO-B neurons to AMMC-B1 neurons to suppress their responses to short 
(i.e., 15-ms) IPI songs. Considering our prediction that AMMC-B1 neurons receive a more profound reduction 
of neural responses to short IPI songs in D. simulans than in D. melanogaster, it is possible that the interspecific 
difference in IPI selectivity of AMMC-B1 neurons is due to the different properties of, or contribution by, the 
AMMC-LN and/or AMMC-B2 neurons between the species (Fig. 4; Supplementary Fig. S5).

More specifically, the neural responses or inhibitory outputs of AMMC-LN and/or AMMC-B2 to short IPI 
songs might be stronger in D. simulans than in D. melanogaster. Feedforward pathways that generate species-
specific interval selectivity have been reported in crickets and fruit  flies31,70, but no studies have yet demonstrated 
that they may also contribute to the formation of the interspecific divergence of sound processing. Thus, a com-
parison of the response properties and neural-circuit architecture of these GABAergic interneurons between 
the species merits further exploration.

For longer IPIs (55–105 ms IPIs), slight but significant interspecific differences in the parameters were 
detected in the fitting functions. This finding implies that the relative responses of AMMC-B1 to the longer IPI 
songs are stronger in D. simulans than in D. melanogaster. Given our model, the stronger response to the longer 
IPI songs of AMMC-B1 might be provided by a stronger excitatory input from its upstream JO-B neurons (Sup-
plementary Fig. S5). To evaluate the hypothesis, an interspecific comparison of IPI response properties in JO-B is 
necessary. Due to the sparse and weak labeling of JO neurons in the D. simulans nanchung-GAL4 strain, however, 
we were not able to assign the calcium responses to JO-B neurons in this study. To overcome this limitation, a 
D. simulans strain which specifically labels JO-B neurons should be generated.
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In the present study, we fit the AMMC-B1 neural responses to a function comprised of two decay curves, in 
which one decay curve is deducted from another curve. This was inspired by the neural response properties of the 
excitatory and inhibitory neurons in the feedforward pathway found in D. melanogaster31, and therefore applying 
it to D. simulans requires an assumption that the basic properties of circuit architecture and neural responses are 
conserved between the species. The equivalence/similarity of morphology, cell number, and neurotransmitters 
of JO and AMMC-B1 neurons between the species supports the scenario that basic properties are conserved 
between species (Fig. 2). To verify these assumptions, however, the neural responses of JO-B neurons, AMMC-
B2 neurons, and AMMC-LN of D. simulans need to be investigated in the future.

Frequency tuning of AMMC-B1 neurons. Although frequency characteristics of AMMC-B1 neurons 
resembled between species, D. melanogaster AMMC-B1 neurons had slightly steeper lower-frequency selectiv-
ity compared to D. simulans (Fig. 3f). This result is consistent with the diversified frequency characteristics (i.e., 
IPF) of pulse songs; ~ 170 Hz in D. melanogaster and ~ 320 Hz in D. simulans13,14,27. We found however that the 
differences in IPF, at least for pulses used in this study, had no significant effect on the IPI response properties of 
D. melanogaster AMMC-B1 neurons (Supplementary Fig. S4). This suggests that the IPI preference of AMMC-
B1 neurons is possibly independent of the principal frequency component of the individual pulses.

It should be noted, however, that it is not clear if the IPI/IPF interactions of AMMC-B1 neurons are also 
negligible in D. simulans. Further experiments, which systematically compare IPI/IPF interactions in the two 
species, will shed light on the nature of AMMC-B1 neuronal properties across the entire IPI/IPF landscape.

In D. melanogaster, AMMC-B1 neurons are reported to be “pulse preferring neurons” which respond to pulse 
songs more strongly than pure  tones46. This current study indicates that AMMC-B1 neurons of D. simulans share 
the pulse preferring characteristics of D. melanogaster; D. simulans AMMC-B1 neurons showed weak responses to 
a 300-Hz pure tone (Fig. 3e,f), but clearly responded to pulse songs with a ~ 310-Hz IPF (See “Methods” Fig. 4b; 
Supplementary Fig. S4). It is not clear whether tuning for pure tone frequencies is reflective of tuning for IPF. 
The neural mechanisms underlying pulse preferring characteristics, which are shared between species, and IPF 
characteristics are therefore worthy of further investigation.

Previous studies assigned ~ 60 neurons in each hemisphere as AMMC-B1 neurons, which were further classi-
fied into multiple subtypes based on anatomical and functional  aspects46,55,71. As the number of labeled AMMC-
B1 neurons in this study is far less than ~ 60 (nine to twelve in D. melanogaster and five to eight in D. simulans), 
the AMMC-B1 neurons analyzed in this study were just a part of the entire AMMC-B1 population. Anatomically, 
Dorkenwald et al.71 classified AMMC-B1 into four subtypes according to their outputs to other cell types in the 
AMMC. Since this classification relies on information of the synaptic organization of each AMMC-B1 neuron 
(which requires EM analysis), we were not able to assign AMMC-B1 neurons labeled in our strains to subgroups 
based on their anatomical classification.

Functionally, AMMC-B1 neurons are classified as low-, middle-, and high-frequency  types55. The Gal4 driver 
used in this study (R49F09-GAL4) was not subjected to such functional  analysis55. Our results, however, indicate 
obvious low-frequency properties and we speculate these neurons are similar to B1 low neurons identified in the 
aforementioned previous functional  study55.

Potential downstream neurons shaping species differences in IPI preference. At the behavioral 
level, we confirmed a shift of behavioral preference toward longer IPI songs in D. simulans as compared to D. 
melanogaster (Fig. 1). Although the shift of neural response of AMMC-B1 observed in D. simulans was in the 
same direction as the shift in their behavioral preferences, it was not large enough to explain the difference 
observed at the behavioral level. These results suggest that differences in other, possibly downstream, neurons 
along the auditory neural circuit could further contribute to the interspecific difference in IPI preferences at the 
behavioral level. Recent studies have reported that vpoEN neurons, which control female virginal plate opening 
in response to the male courtship song (i.e., female copulatory acceptance) in D. melanogaster, preferentially 
respond to songs with conspecific 35-ms  IPI32,46. Given that AMMC-B1 is a major type of secondary auditory 
neuron required for behavioral responses to courtship songs, as shown previously in D. melanogaster31,61, the 
neural circuit that receives information from AMMC-B1 and outputs to vpoEN is considered to contribute to 
further shaping a preference to a conspecific IPI. Indeed, previous studies identified several neurons that connect 
AMMC-B1 and vpoEN in D. melanogaster32,42,46,61. If D. simulans AMMC-B1 has a homologous downstream 
neural circuit, vpoEN may show a response preference for a 55-ms IPI in D. simulans to shape its behavioral 
preference for the conspecific IPI. If this is the case, in turn, the interspecific difference of vpoEN may be shaped 
in the neural circuit between AMMC-B1 and vpoEN. To examine how such a downstream circuit contributes 
to the interspecific difference in IPI preference at the behavioral level, a comparison of further downstream 
neurons will be required.

Future prospects. In this study, we performed precise interspecific comparisons of a homologous auditory 
neural circuit between closely related species with different sound preferences for the first time. The abundant 
circuitry information of D. melanogaster, together with available genetic tools to label homologous neurons in 
D. melanogaster and D. simulans, make this strategy expandable to the entire auditory neural circuit. This study 
thus lays the groundwork for an unprecedented opportunity to reveal how species-specific auditory information 
processing has been diversified during the evolutionary process.



12

Vol:.(1234567890)

Scientific Reports |          (2023) 13:383  | https://doi.org/10.1038/s41598-022-27349-7

www.nature.com/scientificreports/

Methods
Drosophila strains. D. melanogaster and D. simulans were raised on standard yeast-based media at 25°C 
and 40% to 60% relative humidity under a 12 h light/12 h dark (12 h L/D) cycle. For the female copulation assay 
shown in Fig. 1, Canton-S and 2034 Sim w4 pBac (GCamp6F)5 were used as D. melanogaster and D. simulans 
strains, respectively. For counting JO neurons and tracer injection, Canton-S and wild type D. simulans flies 
utilised in a previous  study49 were used for D. melanogaster and D. simulans strains, respectively. For the copula-
tion assay shown in Supplementary Fig. S1, immunolabeling and calcium imaging, UAS-GCaMP6f and 2034 Sim 
w4 pBac (GCamp6F)5 were used as reporter strains that drive GCaMP6f expression under the UAS promoter, 
and D. melanogaster nanchung-GAL457, D. simulans nanchung-GAL4, D. melanogaster R49F09-GAL4 and D. 
simulans R49F09-GAL4 were used as driver lines. Genotypes of flies used for each experiment are listed in Sup-
plementary Table S3. The sample sizes of each experiment were determined according to previous  studies31,72 
and shown in Supplementary Table S4. Detailed information on the Drosophila strains is described in Supple-
mentary methods.

Female copulation assay. The female copulation assay was performed as described previously with minor 
 modifications31,72. Both sexes of flies were collected within 8 h after eclosion to ensure their virgin status. Male 
wings were clipped under ice anesthesia after collection and then kept in individual food vials until experiments 
were conducted. Females were kept in groups of eight to twelve. Both sexes of flies were maintained at 25°C 
under a 12 h L/D cycle.

Copulation assays were conducted at 24–26°C and 40–60% relative humidity within 4 h after light onset. 
Males and females 5 to 7 days after eclosion were used for the assay. A pair of female and male flies were gently 
aspirated into a chamber (15 mm diameter, 3 mm depth) without anesthesia. The chamber was set above a 
loudspeaker (Daito Voice AR-10 N, Tokyo Cone Paper MFG. Co. Ltd.) at a distance of 39 mm, and playback of 
sound stimuli started immediately after aspiration. Fly behaviors were recorded for 35 min at 15 fps with a web 
camera (Logicool HD Webcam C270). The starting time of copulation was identified manually. Copulation was 
defined as follows: (1) A male mounts a female for over 5 min, (2) the mounted female reduces her locomotor 
activity, and (3) opens her wings during the  mounting31,73.

The sound stimulus and statistical analysis are described in Supplementary methods.

Tracer injection. Female flies 5 to 10 days after eclosion were fixed ventral side up onto a glass slide. To 
expose antennal nerves, antennae were removed with sharp forceps. A fluorescent tracer (Dextran, Tetrameth-
ylrhodamine, and biotin, 3000 MW, Lysine Fixable; D7162, Invitrogen) dissolved in phosphate-buffered saline 
(PBS; #T9181, Takara) was placed onto a gap created by removing the antenna. The flies were incubated at 4°C 
for 2 to 3 h to impregnate the fluorescent tracer into the antennal nerve. The brains were dissected and fixed 
with 4% paraformaldehyde phosphate buffer solution (#163-201454, FUJIFILM) for 1 h at 4°C. After rinsing 
with PBS and PBS containing 0.5% Triton X-100 (PBT) (#X100-500ML, Sigma-Aldrich), brains were kept in 
50% glycerol (#079-06611, FUJIFILM) in PBS for 30 min and 80% glycerol in deionized water overnight, before 
being mounted on glass slides to be observed by a confocal microscope. This procedure was replicated for six 
individual samples, with consistent results identified (data not shown).

Immunohistochemistry. Immunolabeling of antennae and brains was performed as described 
 previously60. Antennae and brains of females 5 to 12 days after eclosion were fixed with 4% paraformaldehyde 
phosphate buffer solution for 1 h at 4°C, incubated overnight at 4°C in PBT, and incubated with primary and 
secondary antibodies for 3 days each at 4°C. Samples were rinsed with PBT and PBS, kept in 50% glycerol in PBS 
for 30 min and 80% glycerol in deionized water overnight, before being mounted on glass slides.

Primary antibodies used in this study were as follows: Rat anti-GFP for enhancing the GCaMP6f signal; 
Mouse anti-Bruchpilot nc82, to detect synaptic regions in the brain; Rat anti-Elav to label nuclei of JO neurons 
and AMMC-B1 neurons; Mouse anti-ChAT to visualize ChAT expressed in JO neurons and AMMC-B1 neurons.

The following second antibodies were used: Alexa Fluor 488-conjugated anti-rat IgG, Alexa Fluor 488-conju-
gated anti-mouse IgG, Alexa Fluor 555-conjugated anti-rat IgG and Alexa Fluor 647-conjugated anti-mouse IgG. 
This procedure was replicated for at least four individual samples for ChAT staining in JO neurons and AMMC-
B1 neurons, with consistent results identified (data not shown). Detailed antibody information is described in 
Supplementary methods.

Calcium imaging data acquisition. Calcium imaging was performed as described previously with minor 
 modifications31. Six to eight females were collected in each food vial within 8 h after eclosion. They were main-
tained at 29°C under a 12 h L/D cycle for nine to twelve days after eclosion until the experiments to enhance 
GCaMP6f expression. Flies were anesthetized on ice and stabilized ventral side up onto an imaging plate using 
silicon grease (#SH 44 M, Toray). The mouthparts of the fly were removed using fine forceps to open a window to 
monitor GCaMP fluorescence from the brain. A drop of an adult saline solution with the following components 
was added to prevent dehydration: 108 mM NaCl, 5 mM KCl, 2 mM  CaCl2, 8.2 mM  MgCl2, 4 mM  NaHCO3, 
1  mM  NaH2PO4, 5  mM trehalose, 10  mM sucrose, and 5  mM HEPES, pH 7.5, 265  mOsm74. A fluorescent 
microscope (Axio Imager.A2, Carl Zeiss) equipped with a water-immersion 20 × objective lens [W Achroplan/W 
N-Achroplan, numerical aperture (NA) = 0.5; Carl Zeiss], a spinning disk confocal head CSU-W1 (Yokogawa), 
and an OBIS 488 LS laser (Coherent) for excitation at 488 nm was utilized.

To provide sound stimuli, a loudspeaker (Daito Voice AR-10 N, Tokyo Cone Paper) was positioned ∼11 cm 
from the antenna of the fly. For monitoring calcium responses to pure tones (Figs. 2e,f, 3e,f), 3-s pure tones of 
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the following frequency combinations were randomly applied: 167 and 333 Hz for JO neurons; 100, 200, and 
300 Hz for AMMC-B1 neurons.

For measuring the IPI property of AMMC-B1 neurons (Fig. 4, Supplementary Fig. S4), artificial pulse stimuli 
comprised of 20 pulse trains, which were generated as the pulses used in the female copulation assay, were deliv-
ered from the loudspeaker. The IPFs of actual playback sounds were ~ 170 Hz for D. melanogaster and ~ 310 Hz 
for D. simulans. These IPFs are within the range of the natural songs of the two  species13. For each trial, pulse 
trains with ten kinds of IPI (15, 25, 35, 45, 55, 65, 75, 85, 95, and 105 ms) were randomly applied. For evaluating 
the effect of IPF on the responses of AMMC-B1 neurons (Supplementary Fig. S4), six kinds of artificial pulse 
songs comprised of the combinations of two IPFs (~ 170 and ~ 310 Hz, which are in the ranges of D. melanogaster 
and D. simulans songs, respectively) and three IPIs (15, 25, and 35 ms) were delivered in a randomized order, in 
which each of the six pulse sounds carried 20 pulses.

The mean peak-to-peak amplitude of the particle velocity was 47.2 mm/s for both pure tones and pulse songs. 
This velocity was set to enable monitoring of subtle responses to higher frequency tones (200 Hz and 300 Hz). 
As our labeled AMMC-B1 neurons showed stronger responses to the lower frequency tone, 40 Hz tone was 
used as a positive control stimulus at the end of each trial. We also confirmed that the responses to all the other 
tones (100, 200, 300 Hz, and pulse songs) were not saturated, as all of these stimuli evoked smaller responses 
than the 40 Hz tone.

Calcium imaging was conducted at 24–26°C and 40–60% relative humidity. For each individual, we meas-
ured the calcium response to a series of pulse sounds for 3 trials and pure tones for 4 trials with a > 5 s inter-trial 
interval between each acoustic stimulus. The fluorescent images were captured at 10 frames/s with an exposure 
time of 100 ms using an EM-CCD camera (ImagEM, C9100-13; Hamamatsu Photonics) at a spatial resolution 
of 512 × 512 pixels in water-cooled mode.

Analysis of calcium imaging data. Calcium-imaging data was analyzed using Python,  Fiji75, Excel 
(Microsoft), and R software. Aberrations of serial images due to the animal movement were corrected using a 
scikit-image library in  Python76,77.

For the analysis of JO neurons, the region of interest (ROI) was set at the region of the axon bundle of JO 
neurons where the fluorescent signals are observable during sound stimulus (Fig. 2f, Supplementary Fig. S2). For 
the analysis of AMMC-B1 neurons, the ROI was set in the dendric region within the AMMC as described in a 
previous study (Supplementary Fig. S3)31. The ROI did not include the projections of the non-AMMC neurons. 
The mean fluorescence intensity in the ROI was measured for each frame using Fiji. To obtain smooth time traces 
of calcium fluorescence, moving averages of fluorescence intensity for three frames were used for data analysis.

The decay of fluorescence intensity due to bleaching out was corrected as follows: (1) A linear fit function was 
estimated by the fluorescence at 0–1 and 4–5 s (for pulse-song stimuli) or 0–2 and 13–15 s (for pure-tone stimuli). 
(2) The raw fluorescence was corrected by deducting the linear fit function. The decay corrections were performed 
using the stats package in R (https:// stat. ethz. ch/R- manual/ R- devel/ libra ry/ stats/ html/ 00Ind ex. html). The rela-
tive fluorescence change (∆F/F) of GCaMP6f was used to indicate the calcium response, which was given by

where Fn is the corrected fluorescence intensity at n seconds from the sound onset. FBase is the average of the 
corrected fluorescence intensity during the 1 s before the stimulus onset. We defined the peak response in each 
stimulus as the highest ∆F/F value obtained during each stimulus period. Detailed methods are described in 
Supplementary methods.

Data availability
All data and R scripts used in the analyses are available on Dryad (http:// www. datad ryad. org) via (https:// doi. 
org/ 10. 5061/ dryad. tdz08 kq3f)78.

Received: 16 August 2022; Accepted: 30 December 2022

References
 1. Wilkins, M. R., Seddon, N. & Safran, R. J. Evolutionary divergence in acoustic signals: Causes and consequences. Trends Ecol. Evol. 

28, 156–166 (2013).
 2. Seddon, N. & Tobias, J. A. Character displacement from the receiver’s perspective: Species and mate recognition despite convergent 

signals in suboscine birds. Proc. R. Soc. B 277, 2475–2483 (2010).
 3. Irwin, D. E., Bensch, S. & Price, T. D. Speciation in a ring. Nature 409, 333–337 (2001).
 4. Braune, P., Schmidt, S. & Zimmermann, E. Acoustic divergence in the communication of cryptic species of nocturnal primates 

(Microcebus ssp.). BMC Biol. 6, 19 (2008).
 5. Podos, J. Acoustic discrimination of sympatric morphs in Darwin’s finches: A behavioural mechanism for assortative mating?. 

Proc. R. Soc. B 365, 1031–1039 (2010).
 6. Ritchie, M. G., Halsey, E. J. & Gleason, J. M. Drosophila song as a species-specific mating signal and the behavioural importance 

of Kyriacou and Hall cycles in D. melanogaster song. Anim. Behav. 58, 649–657 (1999).
 7. Mendelson, T. C. & Shaw, K. L. Rapid speciation in an arthropod. Nature 433, 375–376 (2005).
 8. Henry, C. S. Singing and cryptic s ion in insects. Trends Ecol. Evol. 9, 388–392 (1994).
 9. Marshall, D. C., Slon, K., Cooley, J. R., Hill, K. B. R. & Simon, C. Steady Plio-Pleistocene diversification and a 2-million-year 

sympatry threshold in a New Zealand cicada radiation. Mol. Phylogenet. Evol. 48, 1054–1066 (2008).
 10. Chen, Z. & Wiens, J. J. The origins of acoustic communication in vertebrates. Nat. Commun. 11, 1453 (2020).
 11. Wilczynski, W. & Ryan, M. J. The behavioral neuroscience of anuran social signal processing. Curr. Opin. Neurobiol. 20, 754–763 

(2010).

�F/F = (Fn− FBase)/FBase

https://stat.ethz.ch/R-manual/R-devel/library/stats/html/00Index.html
http://www.datadryad.org
https://doi.org/10.5061/dryad.tdz08kq3f
https://doi.org/10.5061/dryad.tdz08kq3f


14

Vol:.(1234567890)

Scientific Reports |          (2023) 13:383  | https://doi.org/10.1038/s41598-022-27349-7

www.nature.com/scientificreports/

 12. Frishkopf, L. S., Capranica, R. R. & Goldstein, M. H. Neural coding in the bullfrog’s auditory system a teleological approach. Proc. 
IEEE 56, 969–980 (1968).

 13. Riabinina, O., Dai, M., Duke, T. & Albert, J. T. Active process mediates species-specific tuning of Drosophila ears. Curr. Biol. 21, 
658–664 (2011).

 14. Su, M. P., Andrés, M., Boyd-Gibbins, N., Somers, J. & Albert, J. T. Sex and species specific hearing mechanisms in mosquito flagellar 
ears. Nat. Commun. 9, 6388 (2018).

 15. Hildebrandt, K. J. Neural maps in insect versus vertebrate auditory systems. Curr. Opin. Neurobiol. 24, 82–87. https:// doi. org/ 10. 
1016/j. conb. 2013. 08. 020 (2014).

 16. Mizrahi, A., Shalev, A. & Nelken, I. Single neuron and population coding of natural sounds in auditory cortex. Curr. Opin. Neu-
robiol. 24, 103–110. https:// doi. org/ 10. 1016/j. conb. 2013. 09. 007 (2014).

 17. Schöneich, S., Kostarakos, K. & Hedwig, B. An auditory feature detection circuit for sound pattern recognition. Sci. Adv. 1, 1–8 
(2015).

 18. Schulze, H. & Langner, G. Periodicity coding in the primary auditory cortex of the Mongolian gerbil (Meriones unguiculatus): 
Two different coding strategies for pitch and rhythm?. J. Comp. Physiol. A 181, 651–663 (1997).

 19. Neuhofer, D., Wohlgemuth, S., Stumpner, A. & Ronacher, B. Evolutionarily conserved coding properties of auditory neurons across 
grasshopper species. Proc. R. Soc. B 275, 1965–1974 (2008).

 20. Kamikouchi, A. et al. The neural basis of Drosophila gravity-sensing and hearing. Nature 458, 165–171 (2009).
 21. Kamikouchi, A. & Ishikawa, Y. Hearing in Drosophila. in Insect Hearing (eds. Pollack, G. S., Mason, A. C., Popper, A. N. & Fay, R. 

R.) vol. 55, 239–262 (Springer, 2016).
 22. Ewing, A. W. & Bennet-Clark, H. C. The courtship songs of Drosophila. Behaviour 31, 288–301 (1968).
 23. Spieth, H. T. Courtship behavior in Drosophila. Annu. Rev. Entomol. 19, 385–405 (1974).
 24. Bastock, M. & Manning, A. The courtship of Drosophila melanogaster. Behaviour 8, 85–111 (1955).
 25. Ritchie, M. G., Townhill, R. M. & Hoikkala, A. Female preference for fly song: Playback experiments confirm the targets of sexual 

selection. Anim. Behav. 56, 5651 (1998).
 26. von Schilcher, F. The role of audiroty stimuli in the courtship of Drosophila melanogaster. Anim. Behav. 24, 18–26 (1976).
 27. Cowling, D. E. & Burnet, B. Courtship songs and genetic control of their acoustic characteristics in sibling species of the Drosophila 

melanogaster subgroup. Anim. Behav. 29, 924–935 (1981).
 28. Bennet-Clark, H. C. & Ewing, A. W. Pulse interval as a critical parameter in the courtship song of Drosophila melanogaster. Anim. 

Behav. 17, 755–759 (1969).
 29. Deutsch, D., Clemens, J., Thiberge, S. Y., Guan, G. & Murthy, M. Shared song detector neurons in Drosophila male and female 

brains drive sex-specific behaviors. Curr. Biol. 29, 3200-3215.e5 (2019).
 30. Vaughan, A. G., Zhou, C., Manoli, D. S. & Baker, B. S. Neural pathways for the detection and discrimination of conspecific song 

in D. melanogaster. Curr. Biol. 24, 1039–1049 (2014).
 31. Yamada, D. et al. GABAergic local interneurons shape female fruit fly response to mating songs. J. Neurosci. 38, 4329–4347 (2018).
 32. Wang, K. et al. Neural circuit mechanisms of sexual receptivity in Drosophila females. Nature 589, 1199 (2021).
 33. Nolte, V. & Schlötterer, C. African Drosophila melanogaster and D. simulans populations have similar levels of sequence variability, 

suggesting comparable effective population sizes. Genetics 178, 405–412 (2008).
 34. Barbash, D. A. Ninety years of Drosophila melanogaster hybrids. Genetics 186, 1–8 (2010).
 35. Gaspar, P. et al. Characterization of the genetic architecture underlying eye size variation within Drosophila melanogaster and 

Drosophila simulans. G3 10, 1005–1018 (2020).
 36. Seeholzer, L. F., Seppo, M., Stern, D. L. & Ruta, V. Evolution of a central neural circuit underlies Drosophila mate preferences. 

Nature 559, 564–569 (2018).
 37. Hey, J. & Kliman, R. M. Population genetics and phylogenetics of DNA sequence variation at multiple loci within the Drosophila 

melanogaster species complex. Mol. Biol. Evol. 10, 804–822 (1993).
 38. Sturtevant, A. H. Genetic studies on Drosophila simulans. I. Introduction hybrids with Drosophila melanogaster. Genetics 5, 488–500 

(1920).
 39. Hu, T. T., Eisen, M. B., Thornton, K. R. & Andolfatto, P. A second-generation assembly of the Drosophila simulans genome provides 

new insights into patterns of lineage-specific divergence. Genome Res. 23, 89–98 (2013).
 40. Stern, D. L. et al. Genetic and transgenic reagents for Drosophila simulans, D. mauritiana, D. yakuba, D. santomea, and D. virilis. 

G3 7, 1339–1347 (2017).
 41. Fan, P. et al. Genetic and neural mechanisms that inhibit Drosophila from mating with other species. Cell 154, 89–102 (2013).
 42. Zhou, C. et al. Central neural circuitry mediating courtship song perception in male Drosophila. Elife 4, 8477 (2015).
 43. Eberl, D. F., Hardy, R. W. & Kernan, M. J. Genetically similar transduction mechanisms for touch and hearing in Drosophila. J. 

Neurosci. 20, 5981–5988 (2000).
 44. Yorozu, S. et al. Distinct sensory representations of wind and near-field sound in the Drosophila brain. Nature 458, 201–205 (2009).
 45. Matsuo, E. et al. Identification of novel vibration- and deflection-sensitive neuronal subgroups in Johnston’s organ of the fruit fly. 

Front. Physiol. 5, 179 (2014).
 46. Baker, C. A. et al. Neural network organization for courtship-song feature detection in Drosophila. Curr. Biol. 32, 3317-3333.e7 

(2022).
 47. Kyriacou, C. P. et al. Failure to reproduce period-dependent song cycles in Drosophila is due to poor automated pulse-detection 

and low-intensity courtship. PNAS 114, 1–10 (2017).
 48. Stern, D. L. Reported Drosophila courtship song rhythms are artifacts of data analysis. BMC Biol. 12, 1–10 (2014).
 49. Yoon, J. et al. Selectivity and plasticity in a sound-evoked male-male interaction in Drosophila. PLoS ONE 8, e123 (2013).
 50. Uno, H. et al. Moving beyond the hazard ratio in quantifying the between-group difference in survival analysis. J. Clin. Oncol. 32, 

2380–2385 (2014).
 51. Tootoonian, S., Coen, P., Kawai, R. & Murthy, M. Neural representations of courtship song in the Drosophila brain. J. Neurosci. 

32, 787–798 (2012).
 52. Kamikouchi, A., Shimada, T. & Ito, K. Comprehensive classification of the auditory sensory projections in the brain of the fruit 

fly Drosophila melanogaster. J. Comp. Neurol. 499, 317–356 (2006).
 53. Ishikawa, Y., Okamoto, N., Nakamura, M., Kim, H. & Kamikouchi, A. Anatomic and physiologic heterogeneity of subgroup-a 

auditory sensory neurons in fruit flies. Front. Neural Circuits 11, 46 (2017).
 54. Yasuyama, K. & Salvaterra, P. M. Localization of choline Acetyltransferase-expressing neurons in Drosophila nervous system. 

Microsc. Res. Tech. 45, 65–79 (1999).
 55. Azevedo, A. W. & Wilson, R. I. Active mechanisms of vibration encoding and frequency filtering in central mechanosensory 

neurons. Neuron 96, 446-460.e9 (2017).
 56. Hampel, S. et al. Distinct subpopulations of mechanosensory chordotonal organ neurons elicit grooming of the fruit fly antennae. 

Elife 9, 1–55 (2020).
 57. Kim, J. et al. A TRPV family ion channel required for hearing in Drosophila. Nature 424, 81–84 (2003).
 58. Chen, T. W. et al. Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature 499, 295–300 (2013).
 59. Kim, H. et al. Wiring patterns from auditory sensory neurons to the escape and song-relay pathways in fruit flies. J. Comp. Neurol. 

528, 2068–2098 (2020).

https://doi.org/10.1016/j.conb.2013.08.020
https://doi.org/10.1016/j.conb.2013.08.020
https://doi.org/10.1016/j.conb.2013.09.007


15

Vol.:(0123456789)

Scientific Reports |          (2023) 13:383  | https://doi.org/10.1038/s41598-022-27349-7

www.nature.com/scientificreports/

 60. Matsuo, E. et al. Organization of projection neurons and local neurons of the primary auditory center in the fruit fly Drosophila 
melanogaster. J. Comp. Neurol. 524, 1099–1164 (2016).

 61. Zhou, C., Pan, Y., Robinett, C. C., Meissner, G. W. & Baker, B. S. Central brain neurons expressing doublesex regulate female 
receptivity in Drosophila. Neuron 83, 149–163 (2014).

 62. Jenett, A. et al. A GAL4-driver line resource for Drosophila neurobiology. Cell Rep. 2, 991–1001 (2012).
 63. Lai, S. L., Awasaki, T., Ito, K. & Lee, T. Clonal analysis of Drosophila antennal lobe neurons: Diverse neuronal architectures in the 

lateral neuroblast lineage. Development 135, 2883–2893 (2008).
 64. Costa, M., Manton, J. D., Ostrovsky, A. D., Prohaska, S. & Jefferis, G. S. X. E. NBLAST: Rapid, sensitive comparison of neuronal 

structure and construction of neuron family databases. Neuron 91, 293–311 (2016).
 65. Ding, Y. et al. Neural evolution of context-dependent fly song. Curr. Biol. 29, 1089-1099.e7 (2019).
 66. Ding, Y., Berrocal, A., Morita, T., Longden, K. D. & Stern, D. L. Natural courtship song variation caused by an intronic retroelement 

in an ion channel gene. Nature 536, 329–332 (2016).
 67. Kyriacou, C. P., Greenacre, M. L., Ritchie, M. G., Byrne, B. C. & Hall, J. C. Genetic and molecular analysis of the love song prefer-

ences of Drosophila females. Am. Zool. 32, 31–39 (1992).
 68. Grace, J. A., Amin, N., Singh, N. C. & Theunissen, F. E. Selectivity for conspecific song in the zebra finch auditory forebrain. J. 

Neurophysiol. 89, 472–487 (2003).
 69. Stenstrom, K., Voss, H. U., Tokarev, K., Phan, M. L. & Hauber, M. E. The direction of response selectivity between conspecific and 

heterospecific auditory stimuli varies with response metric. Behav. Brain Res. 416, 113554 (2022).
 70. Hedwig, B. G. Sequential filtering processes shape feature detection in crickets: A framework for song pattern recognition. Front. 

Physiol. 7, 46 (2016).
 71. Dorkenwald, S. et al. FlyWire: Online community for whole-brain connectomics. Nat. Methods 19, 119–128 (2022).
 72. Li, X., Ishimoto, H. & Kamikouchi, A. Auditory experience controls the maturation of song discrimination and sexual response 

in Drosophila. Elife https:// doi. org/ 10. 7554/ eLife. 34348. 001 (2018).
 73. Manning, A. The control of sexual receptivity in female Drosophila. Anim. Behav. 5, 2–9 (1967).
 74. Wang, J. W., Wong, A. M., Flores, J., Voshall, L. B. & Richard, A. Two-photon calcium imaging reveals an odor-evoked map of 

activity in the fly brain. Cell 112, 271–282 (2003).
 75. Schindelin, J. et al. Fiji: An open-source platform for biological-image analysis. Nat. Methods 9, 676–682 (2012).
 76. Guizar-Sicairos, M., Thurman, S. T. & Fienup, J. R. Efficient subpixel image registration algorithms. Opt. Lett. 33, 156–158 (2008).
 77. van der Walt, S. et al. Scikit-image: image processing in Python. PeerJ 2, e453 (2014).
 78. Ohashi, T. S. et al. Evolutionary conservation and diversification of auditory neural circuits that process courtship songs in Dros-

ophila. Dryad Dig. Reposit. (2022).

Acknowledgements
We thank Y. Oda, F. Osakada, S. Iwami for discussions; S. Sato for technical assistance for generating D. simulans 
nanchung-GAL4 strain; R. Takeuchi and D. Takaichi for Python code; W. M. Iwasaki and T. Nakano for Stan code; 
D. L. Stern for 2034 Sim w4 pBac (GCamp6F)5 and attP2176 strains; G. M. Rubin for R49F09-GAL4 plasmids, Y. 
Ohkubo for statistics. All procedures performed in studies involving animal care and collection were in accord-
ance with laws, ordinances, and the ethical standards of our institution and government.

Author contributions
T.S.O.: Conceptualization, Methodology, Software, Formal analysis, Investigation, Writing—Original Draft, 
Funding acquisition; Y.I.: Conceptualization, Supervision, Formal analysis, Writing—Original Draft, Funding 
acquisition; T.A.: Methodology, Resources, Supervision; M.P.S.: Methodology, Software, Formal analysis; Y.Y.: 
Investigation; N.M.: Methodology, Supervision; A.K.: Supervision, Writing—Original Draft, Project administra-
tion, Funding acquisition.

Funding
This study was supported by MEXT KAKENHI Grants-in-Aid for Scientific Research (B) (JP20H03355 to AK; 
JP18H02488 to YI), Scientific Research on Innovative Areas “Evolinguistics” (JP20H04997 to AK), “Systems 
science of bio-navigation” (JP19H04933 to AK), “Evolutionary theory for constrained and directional diversi-
ties” (JP20H04865 to YI), Grant-in-Aid for Transformative Research Areas (A) “iPlasticity” (JP21H05689 to 
AK), Challenging Research (Exploratory) (JP19K22453 to YI), Grant-in-Aid for Research Activity Start-up 
(JP22K15159 to MPS), Tokai Pathways to Global Excellence (T-GEx) as part of the MEXT Strategic Professional 
Development Program for Young Researchers (0121an0002 to MPS), JSPS research fellowship for Young Sci-
entists (JP19J23514 to TSO), JST FOREST (JPMJFR2147 to AK) and JST PRESTO (JPMJPR21S2 to YI), Japan.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 27349-7.

Correspondence and requests for materials should be addressed to Y.I. or A.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.7554/eLife.34348.001
https://doi.org/10.1038/s41598-022-27349-7
https://doi.org/10.1038/s41598-022-27349-7
www.nature.com/reprints


16

Vol:.(1234567890)

Scientific Reports |          (2023) 13:383  | https://doi.org/10.1038/s41598-022-27349-7

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Evolutionary conservation and diversification of auditory neural circuits that process courtship songs in Drosophila
	Results
	D. melanogaster and D. simulans exhibit species-specific IPI preferences at a behavioral level. 
	Conserved properties of JO neurons between species. 
	Conserved properties of AMMC-B1 neurons between species. 
	Conserved IPI preference of AMMC-B1 neurons with some diversification between species. 

	Discussion
	Divergence of IPI preferences between species. 
	Conservation and diversification of JO neurons and AMMC-B1 neurons. 
	Frequency tuning of AMMC-B1 neurons. 
	Potential downstream neurons shaping species differences in IPI preference. 
	Future prospects. 

	Methods
	Drosophila strains. 
	Female copulation assay. 
	Tracer injection. 
	Immunohistochemistry. 
	Calcium imaging data acquisition. 
	Analysis of calcium imaging data. 

	References
	Acknowledgements


