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Abstract Females increase aggression for mating oppor-
tunities and for acquiring reproductive resources. Although 
the close relationship between female aggression and mat-
ing status is widely appreciated, whether and how female 
aggression is regulated by mating-related cues remains 
poorly understood. Here we report an interesting observa-
tion that Drosophila virgin females initiate high-frequency 
attacks toward mated females. We identify 11-cis-vacce-
nyl acetate (cVA), a male-derived pheromone transferred 
to females during mating, which promotes virgin female 
aggression. We subsequently reveal a cVA-responsive neural 
circuit consisting of four orders of neurons, including Or67d, 
DA1, aSP-g, and pC1 neurons, that mediate cVA-induced 
virgin female aggression. We also determine that aSP-g 
neurons release acetylcholine (ACh) to excite pC1 neurons 
via the nicotinic ACh receptor nAChRα7. Together, beyond 
revealing cVA as a mating-related inducer of virgin female 
aggression, our results identify a neural circuit linking the 

chemosensory perception of mating-related cues to aggres-
sive behavior in Drosophila females.

Keywords Drosophila · Aggression · Pheromone · 
11-cis-vaccenyl acetate · Acetylcholine · Neural circuit

Introduction

An outstanding perspective is that evolutionary selection 
on females may arise from competition for mating oppor-
tunities and resources. Female competition is beneficial for 
reproductive success and offspring quality [1, 2]. The fitness 
consequences of female competition become obvious over a 
long time scale and potentially span several generations [3].

Drosophila melanogaster is an ideal model for under-
standing the neural mechanisms underlying female aggres-
sion and provides powerful genetic tools to manipulate neu-
ronal activity [4]. When paired with food, female flies show 
unique aggressive patterns, including high-posture fencing, 
head butts, shoves, elevated wings, and charging [5]. Female 
aggression is controlled by genes of the sex determination 
hierarchy in flies, including transformer (tra), fruitless (fru), 
and doublesex (dsx) [6–8], and by sexually dimorphic neu-
rons, such as pC1 and aIP-g [9–12]. In addition to the sex-
specific regulators, neuromodulators, including octopamine 
and drosulfakinin, modulate aggression in both sexes [13, 
14]. Female aggression is regulated by social and environ-
mental factors, such as social isolation and limited survival 
resources [15–17]. Although the close association between 
female aggression and mating is widely accepted, whether 
and how female aggression is regulated by mating-related 
cues remains poorly understood.

Aggressive behavior is strongly influenced by chem-
osensory inputs [18–20]. 11-cis-vaccenyl acetate (cVA) is 
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a male-specific pheromone synthesized in the male ejacu-
latory bulb [21, 22], and is transferred to females during 
mating [23]. cVA is sensed by Or67d and Or65a olfactory 
receptors [24, 25] and critically regulates male aggression 
[18, 26]. In females, cVA acts as an aphrodisiac to increase 
sexual receptivity through the Or67d receptor [21, 27]. 
Whether female aggression is influenced by cVA remains 
unclear.

In this study, we show that virgin females become more 
aggressive when paired with mated females than with vir-
gin females. We demonstrate that cVA, which is carried by 
mated females, induces virgin female aggression. We further 
determine a cVA-responsive neural circuit controlling virgin 
female aggression. Together, our results reveal male-derived 
cVA as a mating-related trigger of female aggression and 
identify a neural circuit linking cVA perception to female 
aggression.

Materials and Methods

Fly Culture and Strains

Flies were reared on standard food containing corn, yeast, 
and agar at 25 °C and 60% humidity in a 12 h/12 h light/dark 
cycle. To control the density of experimental flies, each cross 
was set up with 5–6 virgin females and 2–3 males and was 
transferred every three days. Virgin females were collected 8 
h after eclosion and reared in isolation (one fly per vial) or in 
groups (12 single-sex flies per vial). Flies were transferred to 
fresh food vials one day before a behavioral test. Behavioral 
experiments were carried out for 3 h with the lights on. The 
following strains were obtained from Yi Rao’s lab (Peking 
University, Beijing, China): Canton-S [28], △nAChR-a7 
[29], UAS-Or67d [26], and UAS-dTrpA1 [30]. LexAop2-
Shits1 was a gift from Yufeng Pan’s lab (Southeast Univer-
sity, Nanjing, China). Or67dGAL4 [27], UAS>stop>GFP, 
LexAop2-myr::tdTomato, UAS>stop>Chrimson and Lex-
Aop2-FLP [31, 32], dsxGAL4 [33], LexAop2-GCaMP6s [34], 
UAS>stop>TNTin and UAS>stop>TNT [35], JK1029-VP16-
AD, Cha-Gal4-DBD [36], and pC1-SS2 [37] were from 
Janelia Farm Research Campus. The following strains 
were from Bloomington Drosophila Stock Center: Or65a-
GAL4 (BL#9994), UAS-Kir2.1 (BL#6596), Mz19-GAL4 
(BL#34497), fruFLP (BL#66870), TRIC (BL#61679), UAS-
mCD8-GFP (BL#5137), UAS>stop>Kir2.1(BL#67686), 
UAS-sytGFP (BL#6925), UAS-Denmark (BL#33062), UAS-
shits (BL#44222), UAS>stop>dTrpA1 (BL#66871), SP0 
(BL#77892), tudor (BL#1786), R41A01-LexA (BL#54787), 
and R71G01-LexA (BL#54733). All RNAi lines were from 
Tsinghua Fly Center. All Drosophila strains in this study 
will be available on request.

Behavioral Assays

In general, aggressive behavioral assays were applied in 
an incubator maintained at 25 °C and 60% humidity. The 
aggressive behavioral chamber was as previously reported 
[13]. Briefly, the chamber was composed of four layers of 
transparent acrylic plates (diameter: 15 mm; the height of 
each plate: 3 mm). The bottom plate contained a food sub-
strate (diameter: 8 mm; depth: 3 mm). Aggressive behavioral 
assays were applied on the 6th or 7th day after eclosion. 
Tested flies were anesthetized by ice, and introduced into the 
chamber, and a transparent film was used to separate them 
from each other. After recovering for 1 h, the transparent 
film was removed and aggressive behavior was recorded by 
a camera (Canon VIXIA HF R500) for 15 min at a frame 
rate of 4 Hz. Aggressive patterns were scored during this 
15-min period. The definition of a female aggressive pattern 
head-butt was thrusting the torso towards the opponent and 
striking the opponent with the head [5]. The latency to attack 
was defined as the difference in the time between the first 
encounter (social interaction lasting at least ∼2 s) and the 
occurrence of the first head-butt. All aggression assays were 
analyzed manually and randomly assigned to three experi-
menters for independent scoring. The scorers were blind to 
the genotypes and conditions of the experiment.

For dTrpA1 activation and  Shits1 inactivation assays, flies 
were collected within 8 h post-eclosion and reared in isola-
tion at 20 °C. Aggressive behavioral assays were applied at 
20 °C (control) or 30 °C (activation or inactivation) and 60% 
humidity. For assays at 30 °C, females were pre-warmed at 
30 °C for 20 min before recording.

Virgin vs Mated Assays

Female flies were collected within 8 h after eclosion and 
reared under single-housed conditions. Their thoraxes were 
painted with two different colors of acrylic paint two days 
after eclosion. Some virgin females finished successful 
copulation during the time intervals 1 h, 24 h, 48 h, or 72 h 
before the aggressive behavioral assays, and then were sepa-
rated from males. Virgin and mated females were transferred 
to fresh vials containing standard food on the 5th day post-
eclosion. Aggressive behavior was recorded the next day.

In the experiments with decapitated females, both virgin 
and mated females were decapitated under anesthesia and 
then introduced into the behavioral chamber before introduc-
ing two tested virgin flies.

In the experiments involving females with severed anten-
nae, antennae were disrupted bilaterally under anesthesia 2 
days before behavioral assay.

To obtain mated females without sperm or sex peptide, we 
selected the male offspring produced by homozygous tudor 
females that copulated with Canton-S males as sperm-less 
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males and the males with a non-functional SP gene [38] as 
sex-peptide-less males to copulate with Canton-S females.

The time that females spent in the food area were quan-
tified as the sum of time for which over half of the virgin 
female body was in the food area.

Application of cVA Assay

Canton-S females were collected within 8 h post-eclosion 
and reared under single-housed conditions. The method of 
application of synthetic cVA was similar to that described 
previously [18]. Different concentrations of synthetic cVA 
(Cayman Chemicals, USA) dissolved in ethanol (or ethanol 
alone as a control) were provided on a piece of filter paper 
placed in the behavioral chamber. Two virgin females were 
introduced to the behavioral chamber and separated by a 
transparent film under ice anesthesia. Aggressive behavior 
was recorded after 1 h of recovery.

In locomotion assays, flies were separately introduced 
into chambers containing a filter paper which was socked 
with different concentrations of synthetic cVA or solvent. 
The total walking distance of individuals was recorded for 
5 min and analyzed by Ctrax software [39].

For the group-housed assay, Canton-S females were col-
lected within 8 h post-eclosion and reared in a group (12 
single-sex flies per vial). 50 µg cVA or solvent was provided 
on a piece of filter paper in the behavioral chamber. Two 
group-housed female flies were introduced to one behavioral 
chamber under ice anesthesia and aggressive behavior was 
recorded after 1 h of recovery.

For chronic exposure assay, Canton-S females were col-
lected within 8 h post-eclosion and reared under single-
housed conditions. Virgin females were transferred to vials 
containing a filter paper socked with 50 µg cVA or solvent 
24 h before a behavioral test. Two females were introduced 
into one behavioral chamber without application of cVA 
or solvent and aggressive behavior was recorded after 1 h 
recovering.

For the absence of food assay, Canton-S females were col-
lected within 8 h post-eclosion and reared in a single-housed 
condition. 50 µg cVA or solvent was provided on a piece of 
filter paper in the behavioral chamber. Two females were 
introduced into the behavioral chamber which contained an 
agarose plate and aggressive behavior was recorded after 1 
h recovering.

Gas Chromatography (GC) MS Analysis

The quantification method was adapted from earlier reports 
[40, 41]. Hexane extracts were prepared by immersing 20 
flies in hexane (Aldrich) for 4 h at room temperature. Hexane 
extracts were then reconstituted in 100 µL of hexane contain-
ing 100 ng/µL dodecane (nC12) as an injection standard. A 

2 µL sample of the extract was then injected into an Agilent 
7,890 gas chromatograph fitted with an HP-5MS fused silica 
capillary column (0.25 mm × 30 m, 0.25 µm film thick-
ness) linked to a mass analyzer (Agilent 7000C). The injec-
tor was held at 280 °C and operated in the splitless mode 
for 1 min after injection. The helium flow was set at 1 mL/
min. Analysis of the extract was carried out with a column 
temperature profile that began at 50 °C (held for 1.5 min), 
ramped at 10 °C per min to 150 °C, and then 4 °C per min 
to 280 °C where it was held for 5 min. Experiments were 
repeated 6 times per treatment. MassHunter qualitative and 
quantitative analysis software (Agilent Technologies) was 
used to quantify compounds based on peak areas relative to 
internal standard C12.

Immunohistochemistry

Brains of adult female flies were dissected under cold 
anesthesia in phosphate-buffered saline (PBS) (Corning, 
21-040- CVR). Brains were fixed in 2% paraformaldehyde 
(PFA) (Electron Microscopy Sciences, Hangzhou, China) 
for 55 min and washed three times for 20 min in PBT (1× 
PBS containing 0.3% Triton-X100) at room temperature. 
Brains were then blocked in PBT containing 5% goat serum 
(Sigma-Aldrich) for 1 h at room temperature and were incu-
bated with primary antibodies for 18–24 h at 4 °C. Next, the 
brains were washed three times in PBT for 20 min before 
being incubated in the secondary antibodies for 18–24 h 
at 4 °C. The brains were washed three times for 20 min in 
PBT at room temperature and were fixed in 4% PFA for 4 h 
at room temperature. After fixation, the brains were washed 
three times in PBT for 20 min at room temperature. Lastly, 
the brains were mounted onto poly-L-lysine (PLL)-coated 
coverslips in 1× PBS (Sigma-Aldrich). The coverslips with 
mounted brains were then soaked for 5 min each in a gradi-
ent of ethanol baths: 30%, 50%, 75%, 95%, and 100%, and 
then soaked three times for 5 min in xylene. Dibutylphtha-
late polystyrene xylene (DPX) (Sigma-Aldrich) was applied 
to the samples on each coverslip and the coverslips were 
placed on slides and dried for 2 days before imaging.

Images were taken with a Carl Zeiss (LSM710, Germany) 
confocal microscope and then processed with Fiji software 
(https:// imagej. net/ Fiji). The following primary antibodies 
were used: mouse anti-nc82 (1:50; DSHB), chicken anti-
GFP (1:1000; Thermo Fisher Scientific), rabbit anti-GFP 
(1:1000; Thermo Fisher Scientific), mouse anti-GFP-20 
(1:100; Sigma), and rabbit anti-DsRed (rabbit polyclonal) 
(1:1000; Takara Bio). The following secondary antibod-
ies were used: Alexa Fluor goat anti-chicken 488 (1:500), 
Alexa Fluor goat anti-rabbit 488 (1:500), Alexa Fluor goat 
anti-mouse 546 (1:500), Alexa Fluor goat anti-mouse 488 
(1:500), and Alexa Fluor goat anti-rabbit 546 (1:500) all 
from Thermo Fisher Scientific.

https://imagej.net/Fiji
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Transcriptional Reporter of Intracellular Calcium 
(TRIC)

Adult fly brains were dissected and stained using the pro-
cedure described in the Immunohistochemistry section. 
The chicken anti-GFP and rabbit anti-DsRed primary anti-
bodies and anti-chicken-488 and anti-rabbit-546 secondary 
antibodies were used to stain GFP and RFP, respectively. 
The mean intensities of GFP and RFP signals were meas-
ured using ImageJ (Fiji), and the relative TRIC signal was 
calculated as the GFP signal divided by the RFP signal.

Brain Registration

The protocol was adapted from previous reports [42, 43]. 
Briefly, a standard brain was created in CMTK software 
by averaging six male and female brains stained with nc82 
[44, 45]. The registration of confocal stacks was done by 
linear registration and non-rigid warping based on the 
nc82 channel [46].

Calcium Imaging

Adult flies were reared on food containing 0.4 mmol/L 
all-trans-retinal (Sigma-Aldrich, St. Louis, USA) and kept 
in the dark for 5–6 days. Flies were reared on normal food 
as the control group. Female flies expressing Chrimson in 
aSP-g neurons and GCaMP6s in pC1 neurons were briefly 
anesthetized on ice and their brains were dissected in 
saline (in mmol/L: 103 NaCl, 3 KCl, 4  MgCl2, 1.5  CaCl2, 
26  NaHCO3, 1  NaH2PO4, 5 N-tri-(hydroxymethyl)-methyl-
2-aminoethane-sulfonic acid, 20 D-glucose, 17 sucrose, 
and 8 trehalose) under low light to avoid spurious acti-
vation. Brains were immersed in saline during imaging. 
The lateral protocerebrum complex (LPC) projection 
of pC1 neurons was identified with GCaMP6s fluores-
cence excited at 920 nm. Chrimson was excited with red 
light (620 nm, 0.03 mW/mm2; Kemai Vision Technol-
ogy, Dongguan, China). Brain images were acquired on 
a Nikon A1R+ confocal microscope (Japan) with a 40× 
water immersion objective. A 256 × 256-pixel imaging 
region was captured at a rate of 2 frames per second. The 
images were analyzed with a graphical user interface 
written in MatLab [42]. Regions of interest were selected 
manually. In pharmacology experiments, 1 mmol/L MECA 
(Sigma-Aldrich, USA) was applied 10 min before optoge-
netic stimulation [47].  F0 was defined as the mean F from 
the first 10 s of baseline recording. ΔF/F was compared 
between the signal at 1 s before stimulation with the signal 
at 1 s after stimulation onset.

Connectomics Analysis

Synaptic connections between aSP-g neurons and pC1 neu-
rons were identified by the recently generated full adult 
female brain electron microscopic (EM) image set [48]. We 
obtained the number of synaptic connections and the unique 
identifier (Cell ID) from the following website: https:// neupr 
int. janel ia. org.

Statistics

All statistical analyses were performed using Prism9 
(GraphPad software) or MatLab (MathWorks) software. 
One-way ANOVA followed by Tukey’s post-hoc test was 
used in quantitative comparisons. The Kruskal–Wallis test 
was used for comparisons among multiple groups, followed 
by Dunn’s multiple comparisons. Mann-Whitney U-tests 
and Wilcoxon signed-rank tests were used for between- and 
within-group comparisons, respectively. For the comparison 
of attacking first, the χ2 test was applied. The sample sizes 
are indicated in the figures.

Results

Mated Females Elicit Virgin Female Aggression

To determine whether mating experience affects female 
aggression, we paired two virgin females or one virgin 
female with one mated female at different time points post-
mating (hereafter referred to as ‘~ h mated females’) in the 
aggressive behavioral chamber (Fig. 1A). Behavioral analy-
sis showed that the pairs, including ‘virgin vs 1 h mated’ 
or ‘virgin vs 24 h mated’, showed increased aggression as 
demonstrated by increased head-butt numbers (Fig. 1B) 
and reduced latency to attack (Fig. 1C). Further analysis 
showed that virgin females initiated more attacks (Fig. 1D) 
and increased head-butt numbers (Fig. 1E) against 1 h or 
24 h mated females. Moreover, we analyzed the time virgin 
females spent on the food plate and found that they spent 
significantly longer time on the plate when paired with 1 h or 
24 h mated females than with virgin females (Fig. S1A–C). 
Therefore, virgin females become more aggressive when 
paired with 1 h or 24 h mated females.

Mated female aggression is promoted by the receipt of 
sex peptides and sperm during copulation [49]. To exam-
ine whether the aggressivity of mated females influences 
virgin female aggression, we paired one virgin female with 
one 1 h mated female without sex peptide or sperm (Fig. 
S2A). Behavioral analysis suggested that the pairs showed 
increased aggression (Fig. S2B, C). Consistent with pre-
vious studies [49], mated females without sex peptide or 
sperm did not show high attacks (Fig. S2D). In contrast, 

https://neuprint.janelia.org
https://neuprint.janelia.org
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virgin females showed increased aggression (Fig. S2E, F). 
Virgin females also spent more time on the food plate when 
they were paired with 1 h mated females without sperm or 
sex peptide than with virgin females (Fig. S2G). Therefore, 
the aggressivity of mated females does not influence virgin 
female aggression.

Males transfer chemicals to mate females during copula-
tion [23]. We then investigated whether the increased virgin 
female aggression is the result of chemosensory cues from 
mated females. We paired two virgin females together and 
added a decapitated virgin or mated female into the aggres-
sive behavioral chamber (Fig. 1F). Aggression between 
two virgin females increased when a decapitated 1 h mated 
female was added but did not increase when a decapitated 
virgin or 24–72 h mated female was added (Fig. 1G, H). 
This is consistent with the above results that virgin female 
aggression greatly decreased when paired with mated 
females with a prior mating experience longer than 24 h 
(Fig. 1B–E). These results together indicate that the mating-
related inducer of virgin female aggression is short-lived.

To determine whether volatile olfactory cues from mated 
females elicit virgin female aggression, we impaired the 
olfactory sensation of a virgin female by disrupting the 
antenna and then paired it with a 1 h mated female (Fig. 1I). 
Compared with intact virgin females, anosmic virgin females 
showed decreased aggression toward 1 h mated females 
(Fig. 1J, K) and spent less time on the food plate (Fig. S1D, 
E). These results suggest that virgin female aggression is 
promoted by volatile olfactory inducers from mated females.

Mating‑related cVA Promotes Virgin Female 
Aggression

We next addressed the identity of the olfactory cues. We 
compared the chemical profiles of virgin and 1–72 h mated 
females using gas chromatography-flame ionization detec-
tion and mass spectrometry (Table S1). Two pheromones, 
cVA, and 7-tricosene (7-T) were significantly increased in 1 
h mated females (Fig. 2A). cVA is a male-specific volatile 

pheromone transferred to mated females during copulation 
[41, 50]. 7-T is a male-enriched cuticular hydrocarbon trans-
ferred to females via cuticular contact during copulation [51, 
52].

Quantitation of chemical profiles showed that a 1 h 
mated female carries ~500 ng cVA (Fig. 2B) and 150 ng 

Fig. 1  Volatile signals from mated females induce virgin female 
aggression. A Experimental schematic. A virgin female is paired with 
another virgin female or a mated female. B, C Head-butt numbers and 
latency by a pair of female flies. D Percentages of initiating an attack 
by virgin females (gray bars) and mated females (red bars). E Head-
butt numbers by virgin females (n = 21–23). F Experimental sche-
matic. Two virgin females are paired together and are exposed to a 
decapitated virgin female or a decapitated mated female. G, H Head-
butt numbers and latency by a pair of female flies (n = 20–24). I 
Experimental schematic. A 1 h mated female is paired with an intact 
or anosmic virgin female. J, K Head-butt numbers and latency by vir-
gin female flies (n = 18–21). *P <0.05, **P <0.01, ***P <0.001, 
****P <0.0001, otherwise no significant difference (Kruskal-Wallis 
with Dunn’s multiple-comparison post hoc test for B, C, E, G, and H; 
Mann-Whitney U test for J and K; χ2 test for D). Error bars, ± SEM.

▸
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7-T (Fig. S3A). Application of 7-T from 200 ng to 20 µg 
did not promote virgin female aggression (Fig. S3B, C). In 
contrast, applying 500 ng cVA, which is almost identical 
to the amount of cVA carried by a 1 h mated female, sig-
nificantly increased virgin female aggression (Fig. 2C, D). 
The aggression-inducing effect of cVA was dose-depend-
ent: it peaked at 50 µg and became almost ineffective at 
200 µg (Fig. 2C, D). The locomotion of virgin females 
was not affected by the application of cVA (Fig. 2E), sug-
gesting that cVA-induced virgin female aggression is not 

due to enhanced locomotor activity. Therefore, cVA is the 
major mating-related inducer of virgin female aggression.

Aggression between virgin females is promoted by 
social isolation or food [15, 17, 53]. We thus investigated 
whether these factors modulate cVA-induced virgin 
female aggression. Group-housed virgin females showed 
increased aggression in response to cVA stimulation (Fig. 
S4A–C), whereas food deprivation inhibited cVA-induced 
virgin female aggression (Fig. S4D–F). Therefore, 

Fig. 2  Male-specific cVA 
stimulates virgin female aggres-
sion. A Hydrocarbon profiles 
for extracts from virgin, 1 h 
mated, 24 h mated, 48 h mated, 
and 72 h mated females. Each 
profile is from a hexane extract 
of 20 age-matched virgin or 
mated females. B Quantifica-
tion of cVA in extracts of virgin 
and mated female single flies (n 
= 6). C, D Head-butt numbers 
and latency by a pair of virgin 
female flies after application 
of 500 ng, 50 µg, 100 µg, and 
200 µg of cVA or solvent (n 
= 15–24). E Locomotion of 
individual virgin females at dif-
ferent concentrations of cVA or 
solvent (n = 11–12). *P <0.05, 
****P <0.0001, otherwise no 
significant difference (one-way 
ANOVA with Tukey’s post hoc 
test for B; Kruskal-Wallis with 
Dunn’s multiple-comparison 
post hoc test for C, D, and E). 
Error bars, ± SEM.
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cVA-induced virgin female aggression depends on food 
but not a social experience.

Male aggression is increased by acute exposure to cVA 
but is suppressed by chronic exposure to cVA [18, 26]. In 
contrast, females chronically exposed to cVA still showed 
increased aggression (Fig. S4G–I), demonstrating the sex-
specific response to cVA.

Or67d Mediates Virgin Female Aggression Induced 
by both Synthetic cVA and cVA Carried by Mated 
Females

cVA activates both Or67d and Or65a olfactory receptor 
neurons (ORNs) [24, 27, 54]. We, therefore, examined the 
roles of Or67d and Or65a ORNs in virgin female aggres-
sion. We used the thermosensitive cation channel dTRPA1 
[30] to activate neurons labeled by Or67dGAL4 (Fig. 3A) or 
Or65a-GAL4 (Fig. S5A). Female aggression was enhanced 

Fig. 3  Or67d ORNs mediate cVA-induced virgin female aggression. 
A Confocal image of the antennal lobe. Or67d-GAL4 labeled Or67d 
ORNs in the female brain (green: DA1 glomerulus). nc82, neuropil 
marker (magenta). Scale bar, 50 µm. B Head-butt numbers (b1) and 
latency (b2) by virgin females during dTrpA1-mediated thermoge-
netic activation of Or67d ORNs (n = 18–24). C Head-butt numbers 
(c1) and latency (c2) by virgin females during Shibirets1-mediated 
inactivation of Or67d ORNs by application of 50 µg cVA or solvent 
(n = 22–24). D Right, TRIC signals in Or67d ORNs of virgin females 
in the presence of mated females or virgin females (n = 11–18). Left, 

representative TRIC images; red channel, internal control RFP signal; 
green channel, activity-dependent TRIC signal. Scale bar, 20 µm. E 
Head-butt numbers (e1) and latency (e2) by virgin females with inac-
tivation of Or67d ORNs toward wild-type 1 h mated females (n = 
14–15). F Summary model of cVA activation of Or67d ORNs to pro-
mote virgin female aggression. *P <0.05, **P <0.01, ***P <0.001, 
****P <0.0001, otherwise no significant difference (Kruskal-Wal-
lis with Dunn’s multiple-comparison post hoc test for B, C, and E; 
Mann-Whitney U test for D). Error bars, ± SEM.
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by activating Or67d ORNs (Fig. 3B) but was not affected 
by activating Or65a ORNs (Fig. S5B). Furthermore, we 
expressed  Shibirets1  (Shits1) [55], which temporally inhib-
its synaptic transmission via temperature shifting, in Or67d 
and Or65a ORNs. Silencing Or67d ORNs suppressed cVA-
induced female aggression (Fig. 3C). However, silencing 
Or65a ORNs did not influence cVA-induced female aggres-
sion (Fig. S5C). Furthermore, ablation of the Or67d gene 
completely abolished cVA-induced virgin female aggres-
sion, and re-expression of the Or67d gene in the Or67d-null 
mutant restored cVA-induced virgin female aggression (Fig. 
S6A). Therefore, the Or67d receptor and Or67d ORNs are 
essential for cVA-induced virgin female aggression.

We next examined whether Or67d mediates the vir-
gin female aggression induced by cVA carried by mated 
females. We used TRIC [56], which measures prolonged 
changes in  Ca2+ levels, to assess the activity of Or67d ORNs 
in virgin females. The TRIC signal in Or67d ORNs sig-
nificantly increased when virgin females were paired with 
mated females compared with virgin females (Fig. 3D). 
Importantly, inactivation of Or67d ORNs or ablation of 
the Or67d gene abolished the virgin female aggression 
induced by mated females (Fig. 3E, S6B). Expression of 
UAS-Or67d under the control of Or67dGAL4 restored virgin 
female aggression (Fig. S6B). Taken together, these results 
suggest that the Or67d receptor detects physiological levels 
of cVA carried by mated females to induce virgin female 
aggression (Fig. 3F).

Second‑ and Third‑order cVA‑responsive Olfactory 
Neurons Regulate cVA‑induced Virgin Female 
Aggression

Or67d ORNs innervate the DA1 glomerulus in the antennal 
lobe [27, 57]. DA1 projection neurons (PNs) innervate aSP-g 
neurons to transmit cVA information in females [36, 58]. 
Thus, we investigated whether DA1 PNs and aSP-g neurons 
regulate virgin female aggression. Given that both DA1 PNs 
and aSP-g neurons express fru [36, 57–59], we labeled DA1 
PNs by combining Mz19-GAL4 [60] and fruFLP and labeled 
aSP-g neurons by combining JK1029-split-GAL4 [36] and 
fruFLP (Fig. 4A, B). dTrpA1-mediated activation of DA1 
PNs or aSP-g neurons promoted virgin female aggression 
(Fig. 4C). We next examined whether silencing DA1 PNs 
or aSP-g neurons suppresses cVA-induced virgin female 
aggression. We silenced DA1 PNs or aSP-g neurons by 
expressing the inwardly-rectifying  K+ channel Kir2.1 [61]. 
cVA-induced virgin female aggression was suppressed by 
the inactivation of DA1 PNs or aSP-g neurons (Fig. 4D). 
Moreover, significant increases in the TRIC signal were 
recorded in both DA1 PNs and aSP-g neurons of virgin 
females that were paired with 1 h mated females (Fig. 4E, F). 
Kir2.1-mediated inactivation of DA1 PNs or aSP-g neurons 

also significantly inhibited virgin female aggression induced 
by mated females (Fig. 4G). Taken together, both DA1 PNs 
and aSP-g neurons mediate cVA-induced virgin female 
aggression (Fig. 4H).

The cVA-responsive aSP-g neurons are dimorphic in the 
sexes, which is regulated by fru [36]. We, therefore, mascu-
linized the aSP-g neurons in females by expressing  FruM, 
the protein products of male-specific fru transcripts. This 
manipulation changed the neuronal morphology of aSP-g 
neurons in the female brain (Fig. S7A) and inhibited cVA-
induced virgin female aggression (Fig. S7B, C), demonstrat-
ing that the sex-specific circuitry regulates cVA-induced 
virgin female aggression.

Central pC1 Neurons Mediate the Virgin Female 
Aggression Promoted by cVA

Two central brain neurons, pC1 and pCd neurons, physiolog-
ically respond to cVA and regulate female sexual receptivity 
[42]. We thus examined whether these neurons participate in 
cVA-induced female aggression (Fig. 5A). We labeled pC1 
neurons by using pC1-SS2 [37] (Fig. 5B) or by combining 
R71G01-LexA and dsxGAL4 [42]. dTrpA1-mediated activation 
of pC1 neurons promoted virgin female aggression (Fig. 5C, 
S8A). However, activation of pCd neurons that were labeled 
by combining R41G01-LexA and dsxGAL4 [42] did not pro-
mote virgin female aggression (Fig. S8B). We next geneti-
cally silenced pC1 neurons by expressing Kir2.1 or tetanus 
toxin light chain (TNT) [62] that inactivates neurons via 
inhibiting synaptic vesicle release. Silencing pC1 neurons 
suppressed cVA-induced virgin female aggression (Fig. 5D, 
S8C). Conversely, silencing pCd neurons by expressing TNT 
did not affect cVA-induced virgin female aggression (Fig. 
S8D). Therefore, we conclude that pC1 but not pCd neurons 
mediate cVA-induced virgin female aggression.

In addition, we found that mated females induced a sig-
nificant increase of the TRIC signal in pC1 neurons of virgin 
females (Fig. 5E). Kir2.1-mediated inactivation of pC1 neu-
rons significantly inhibited virgin female aggression induced 
by mated females (Fig. 5F). Therefore, pC1 neurons mediate 
virgin female aggression towards mated females.

pC1 Neurons Function Downstream of aSP‑g Neurons 
to Regulate the Female Aggression Promoted by cVA

We noted that female aSP-g and pC1 neurons sent pro-
jections to the LPC (Fig. 4B, 5B) and responded to cVA 
(Fig. 4F, 5E). We speculated that pC1 neurons may be a 
downstream target of aSP-g neurons in the cVA-responsive 
neural circuit. To test this hypothesis, we first investigated 
the directionality of cVA information flow by using Syt::GFP 
and DenMark for pre- and post-synaptic labeling of aSP-g 
and pC1 neurons [63]. Registration of pre-synaptically 
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Fig. 4  DA1 PNs and aSP-g neurons physiologically respond to cVA 
and regulate cVA-induced virgin female aggression. A, B Brains 
of MZ19-GAL4/UAS-mCD8::GFP; fruFLP and UAS-mCD8::GFP; 
JK1029-split-GAL4/ fruFLP females stained with anti-GFP antibody 
(green) and the neuropil marker nc82 (magenta). Projections of 
aSP-g neurons in LPC are indicated by the white arrowhead. Scale 
bars, 50 µm. C Head-butt numbers and latency by virgin females dur-
ing dTrpA1-mediated thermogenetic activation of DA1 PNs (c1, c2) 
or aSP-g neurons (c3, c4) (n = 13–15). D Head-butt numbers and 
latency by virgin females during Kir2.1-mediated inactivation of DA1 
PNs (d1, d2) or aSP-g neurons (d3, d4) by application of 50 µg cVA 
or solvent (n = 15). E, F Right, TRIC signals in DA1 PNs or aSP-g 

neurons of virgin females in the presence of mated females or virgin 
females (n = 13–18). Left, representative TRIC images; red channel, 
internal control RFP signal; green channel, activity-dependent TRIC 
signal. Scale bar, 20 µm. G Head-butt numbers and latency by vir-
gin females with inactivation of DA1 PNs (g1, g2) or aSP-g neurons 
(g3, g4) toward wild-type 1 h mated females (n = 14–15). H Sum-
mary model for cVA-mediated aggression circuit including Or67d 
ORNs, DA1 PNs, and aSP-g neurons in virgin females. *P <0.05, 
**P <0.01, ***P <0.001, ****P <0.0001, otherwise no significant 
difference (Kruskal-Wallis with Dunn’s multiple-comparison post hoc 
test for C, D, and G; Mann-Whitney U test for E and F). Error bars, 
± SEM.
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labeled aSP-g with post-synaptically labeled pC1 in a 
standard brain revealed a clear overlap in the LPC region 
(Fig. 6A). Furthermore, we used the full adult female brain 
EM image set [48] and found that aSP-g neurons have syn-
aptic input on pC1 neurons (Table S2). These data suggest 
that pC1 neurons are direct targets of aSP-g neurons.

Encouraged by these anatomical findings, we next tested 
whether there is a functional connection between aSP-g and 
pC1 neurons by  Ca2+ imaging. we expressed the red-shifted 
opsin Chrimson [64] in aSP-g neurons and GCaMP6s [34] 
in pC1 neurons. The intracellular  Ca2+ levels of pC1 neu-
rons increased with light stimulation, while no  Ca2+ signals 
were detected in the absence of all-trans-retinal (ATR) that 
is required for Chrimson activation in insects (Fig. 6B). 
Taken together, these data suggest that pC1 neurons receive 
excitatory input from aSP-g neurons.

We next asked whether pC1 neurons function downstream 
of aSP-g neurons in virgin female aggression. We applied 
an epistasis analysis in which aSP-g neurons were activated 
using dTrpA1, while pC1 neurons were concomitantly 
silenced using  Shits1 in a temperature-dependent manner. 
At high temperatures, silencing pC1 neurons inhibited the 
virgin female aggression induced by the activation of aSP-g 
neurons (Fig. 6C). Thus, pC1 neurons function downstream 
of aSP-g neurons to promote virgin female aggression.

aSP‑g Neurons Release ACh to Activate pC1 Neurons 
to Regulate cVA‑induced Virgin Female Aggression

We next investigated which neurotransmitters in aSP-g neu-
rons could regulate virgin female aggression. Given that the 
driver labeling aSP-g neurons is made by fusing Gal4 to the 
promoter of choline acetyltransferase [36], we speculated 
aSP-g neurons may be cholinergic. Indeed, knockdown of 
the vesicular acetylcholine transporter (VAChT) in aSP-g 
neurons suppressed cVA-induced virgin female aggression 
(Fig. 7A), suggesting that aSP-g neurons release ACh to 
promote virgin female aggression.

To determine whether pC1 neurons are activated by ACh 
released from aSP-g neurons, we used the nicotinic ACh 
receptor (nAChR) blocker mecamylamine (MECA) and 
monitored the  Ca2+ level in pC1 neurons with light stimula-
tion of aSP-g neurons. Application of MECA inhibited the 
 Ca2+ response of pC1 neurons induced by activating aSP-g 
neurons (Fig. 7B).

To identify the ACh receptors in pC1 neurons, we 
screened thirteen ACh receptors, including ten nAChRs 
and three muscarinic receptors [65–67], by knocking down 
their expression in pC1 neurons (Fig. S9A). The expression 
of UAS-nAChRα7-RNAi under the control of pC1-SS2 sup-
pressed cVA-induced virgin female aggression (Fig. 7C). 
In addition, activating aSP-g neurons in the nAChRα7-null 
mutant did not promote virgin female aggression (Fig. 7D). 

Fig. 5  pC1 neurons mediate cVA-induced virgin female aggression. 
A Proposed model shows that cVA activates pC1 neurons to mediate 
virgin female aggression. B Brain of a pC1-SS2 > UAS-mCD8::GFP 
female stained with anti-GFP antibody (green) and the neuropil 
marker nc82 (magenta). Projections of pC1 neurons in the LPC are 
indicated by the white arrowheads. Scale bar, 50 µm. C Head-butt 
numbers (c1) and latency (c2) by virgin females during dTrpA1-
mediated thermogenetic activation of pC1 neurons (n = 21–24). D 
Head-butt numbers (d1) and latency (d2) by virgin females during 
Kir2.1-mediated inactivation of pC1 neurons by application of 50 µg 
cVA or solvent (n = 14–15). E Lower panel, TRIC signals in pC1 
neurons of virgin females in the presence of mated females or vir-
gin females (n = 13–15). Upper panel, representative TRIC images; 
red channel, internal control RFP signal; green channel, activity-
dependent TRIC signal. Scale bar, 20 µm. F Head-butt numbers (f1) 
and latency (f2) by virgin females with inactivation of pC1 neurons 
toward wild-type 1 h mated females (n = 18–24). *P <0.05, **P 
<0.01, ***P <0.001, ****P <0.0001, otherwise no significant differ-
ence (Kruskal-Wallis with Dunn’s multiple-comparison post hoc test 
for C, D, and F; Mann-Whitney U test for E). Error bars, ± SEM.
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Taken together, pC1 neurons receive direct cholinergic 
innervation from aSP-g neurons and are activated through 
nAChRα7 to regulate cVA-induced virgin female aggression.

Discussion

Whether and how female aggression is regulated by 
mating-related cues has been less investigated. Here, we 
found that virgin females initiated high-frequency attacks 

on mated females with a prior mating experience within 24 
h. Specifically, we uncovered that cVA on mated females 
enhances aggression in virgin females. Behavioral and 
physiological tests demonstrated that cVA-responsive 
neurons in the first three layers of the olfactory system 
critically control female aggression. We further identified 
the fourth-order pC1 neurons, which receive cholinergic 
innervation from the third-order aSP-g neurons to medi-
ate cVA-induced aggression. Thus, our data identify cVA 
as a mating-related inducer of virgin female aggression 

Fig. 6  pC1 neurons are func-
tionally downstream targets 
of aSP-g neurons in virgin 
female aggression. A Labeling 
of dendrites and axons in a 
female brain by expression of 
the dendritic marker DenMark 
(magenta) in pC1 neurons and 
the axonal marker Syt::GFP 
(green) in aSP-g neurons of a 
female brain. Co-registration 
of aSP-g axons (green) and 
pC1 dendrites (magenta) onto a 
standard brain (left). The boxed 
region containing overlaps 
between aSP-g and pC1 pro-
cesses is enlarged (right). Scale 
bars, 50 µm. B Fluorescence 
images were taken before and 
after aSP-g activation (b1). Cir-
cles: pC1 dendrites in the LPC. 
Scale bars, 20 µm. Chrimson-
mediated aSP-g activation 
evokes significant  Ca2+ signals 
in pC1 neurons of females 
reared on food containing ATR 
(b2), but not in pC1 neurons 
of females reared on food 
without ATR (b3). Red boxes, 
light stimulation. C Shibirets1-
mediated inactivation of pC1 
neurons suppresses the virgin 
female aggression induced by 
activating aSP-g neurons using 
dTrpA1. c1 Head-butt numbers; 
c2 latency (n = 19-32). **P 
<0.01, ***P <0.001, other-
wise no significant difference 
(Wilcoxon signed-rank test for 
B; Kruskal-Wallis with Dunn’s 
multiple-comparison post hoc 
test for C). Error bars, ± SEM.
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in Drosophila and reveal the underlying chemosensory 
circuit (Fig. 8A).

There are three major reasons for the evolutionary 
selection of cVA as a trigger of virgin female aggression. 
First, cVA is exclusively produced by male flies to attract 
females [21, 27]. Virgin females increase aggression upon 
detecting cVA (Fig. 2), putatively to compete for access to 
males. Second, cVA is transferred to mated females during 
copulation [68] and suppresses male courtship to mated 

females [41]. If virgin females are near mated females, 
their mating opportunity will be conceivably reduced. 
Virgin females thus increase aggression to repel mated 
females to regain a normal mating opportunity. Third, 
cVA increases the attractiveness of food to both sexes as 
an aggregation pheromone [69, 70]. Upon detecting cVA, 
virgin females prefer to stay on food (Fig. S1) for bet-
ter mating chances and for acquiring more reproductive 
resources to support prospective progeny. Therefore, in the 

Fig. 7  pC1 neurons receive 
ACh signaling from aSP-g 
neurons through nAChR-α7 to 
control virgin female aggres-
sion. A Head-butt numbers 
(a1) and latency (a2) by virgin 
females with RNAi-mediated 
VAChT knockdown in aSP-g 
neurons by application of 50 
µg cVA or solvent (n = 20–23). 
Genotypes and cVA applica-
tions are indicated below the 
plot. B Representative images 
during aSP-g > Chrimson pre-
stimulation and post-stimulation 
of GCaMP6s response in pC1 
neurons with MECA applica-
tion (b1). Circles: pC1 dendrites 
in the LPC. Scale bars, 20 µm. 
Application of MECA blocks 
 Ca2+ signals evoked by aSP-g 
activation in pC1 neurons (b2, 
b3). Red boxes: light stimula-
tion. C Knocking down the 
expression of nAChR-α7 in 
pC1 neurons suppresses cVA-
induced female aggression. (c1) 
Head-butt numbers; (c2) latency 
(n = 21–28). D Aggression 
is not promoted by activating 
aSP-g neurons in nAChR-α7 
mutant female flies. (d1) Head-
butt numbers; (d2) latency (n = 
21–24). *P <0.05, **P <0.01, 
***P <0.001, ****P <0.0001, 
otherwise no significant dif-
ference (Kruskal-Wallis with 
Dunn’s multiple-comparison 
post hoc test for A, C, and D; 
Wilcoxon signed-rank test for 
B). Error bars, ± SEM.
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presence of cVA and food, virgin females increase aggres-
sion towards other females regardless of mating experi-
ence to maximize their mating opportunity and resource 
acquisition.

Virgin females employ flexible competitive strategies 
through a nuanced perception of cVA. As a male-specific 
pheromone, the concentration of cVA may reflect the num-
ber of males nearby. A low cVA concentration indicates that 
males are rare and the mating opportunity is low. Virgin 
females thus respond by enhancing aggression (Fig. 2C). 
Accordingly, a high cVA concentration indicates that more 
males are available. Virgin females, therefore, respond in a 
peaceful way (Fig. 2C). Similar female aggression strate-
gies may be used across species. For example, female house 
mice prefer to exhibit aggressive behaviors in contexts where 
there is one male available rather than three males [71]. In 
addition, the cVA concentration is significantly higher in 
mated females who just finished successful copulation, sug-
gesting a potential mating partner nearby. Virgin females 
thus initiate attacks toward mated females with a high con-
centration of cVA deposited for a potential mating chance 
(Figs 1B–D and 2A). Because displaying aggressive behav-
ior requires high energy consumption, virgin females may 
select to conserve energy for little mating chance nearby and 
did not attack 48-72 h mated females with little cVA deposit 
(Figs 1B–D and 2A), suggesting that females are sensitive 
to mating-related cues in a social context.

In Drosophila females, the first-, second-, and third-order 
olfactory neurons responsible for cVA information process-
ing [27, 36, 59] and their neural circuit organization [36, 
57, 58] have been identified in previous studies. However, 
the behavioral importance of DA1 PNs and aSP-g neurons 
remained unclear. The second-order DA1 PNs have similar 
cVA responses but send different projections to the lateral 
horn in males and females [59], activating sexually dimor-
phic third-order neurons. The sex-determination gene fru 
produces a sex-specific transcription factor to specify the 
neuronal morphology of the second- and third-order neu-
rons responsible for cVA information processing [36, 59]. 
Our results revealed that fru+ DA1 PNs and aSP-g neurons 
regulate virgin female aggression (Fig. 4) and the mascu-
linization of aSP-g suppresses cVA-induced virgin female 
aggression (Fig. S7), demonstrating that the female-specific 
cVA sensory pathway is important for appropriate behavio-
ral output.

Central pC1 neurons respond to cVA [42], but their inputs 
that deliver cVA information have not been found. Here, we 
showed that aSP-g neurons directly innervate pC1 neurons 
to regulate virgin female aggression (Fig. 6). cVA elicits 
aggression in virgin females toward other females (Fig. 2) but 
increases their sexual receptivity toward males [21]. Notably, 
cVA-responsive pC1 neurons regulate both female aggres-
sion (Fig. 5) and receptivity [42]. We, therefore, infer that 
female pC1 neurons, like male P1 neurons [72, 73], function 
as an integration center of sensory information to regulate 
female behaviors. Proper behavioral output benefits survival 
and reproduction [74]. It remains obscure how the integration 
of complex sensory information influences the behavioral 
output in females, and future studies are thus warranted.
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