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SUMMARY

Although males and females largely share the same genome and nervous system, they differ profoundly in
reproductive investments and require distinct behavioral, morphological, and physiological adaptations.
How can the nervous system, while bound by both developmental and biophysical constraints, produce
these sex differences in behavior? Here, we uncover a novel dimorphism in Drosophila melanogaster that al-
lows deployment of completely different behavioral repertoires in males and females with minimum changes
to circuit architecture. Sexual differentiation of only a small number of higher order neurons in the brain leads
to a change in connectivity related to the primary reproductive needs of both sexes—courtship pursuit in
males and communal oviposition in females. This study explains how an apparently similar brain generates
distinct behavioral repertoires in the two sexes and presents a fundamental principle of neural circuit orga-

nization that may be extended to other species.

INTRODUCTION

Sexually reproducing species exhibit sex differences in social
interactions to boost reproductive success and survival of
progeny. Comparing and contrasting the anatomy, activity,
and function of sexually dimorphic neurons in the brain of males
and females across taxa are starting to reveal the fundamental
principles of neural circuit organization underlying these sex
differences in behavior. A variety of alternative neuronal circuit
configurations have been proposed to generate sexually dimor-
phic behaviors." Many studies have identified sex differences in
sensory inputs in various species; however, such differences in
higher order brain circuits that organize species- and sex-spe-
cific instinctive behaviors in response to sensory cues are still
poorly characterized.

Sex is determined early in an animal’s development and initi-
ates many irreversible sexual differentiation events that influence
how the genome and the environment interact to give rise to sex-
specific morphology and behavior. In Drosophila, selective
expression of two sex determination transcription factors (TFs),
Doublesex (Dsx) and Fruitless (Fru), define cell-type-specific
developmental programs that govern functional connectivity
and lay the foundations through which innate sexual behaviors
are genetically predetermined.” ° Because both fru- and dsx-ex-
pressing neurons are essential for male and female reproductive
behaviors, studies in the adult have focused on neurons that ex-
press these TFs to identify anatomical or molecular sex
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differences in neuronal populations.” This allows us to gain entry
to the neural circuits underlying sex-typical behaviors and iden-
tify the neuronal nodes that control component behaviors and
behavioral sequencing.

Dsx proteins, which are part of the structurally and functionally
conserved Doublesex and Male-abnormal-3 Related Transcrip-
tion factors (DMRT) protein family, are critical for sex-specific dif-
ferentiation throughout the animal kingdom.® In the insect
phylum, Dsx proteins act at the interface between sex determi-
nation and sexual differentiation, regulating a myriad of somatic
sexual differences both inside and outside the nervous system.’
The dsx gene has functions in both sexes: its transcripts undergo
sex-specific alternative splicing to encode either a male- or fe-
male-specific isoform.'®'" dsx expression is highly regulated in
both male and female flies, as shown by its temporally and
spatially restricted expression patterns through development,
with only a select group of neurons expressing dsx.'>™'” The
dsx gene is expressed in some 150 and 30-40 neurons per hemi-
sphere in the male and female brains, which reside in 10 and 7 to
8 discrete anatomical clusters, respectively.'? 51718 Thig
restricted expression of dsx in higher order neurons in the brain
suggests these neurons may act as key sex-specific processing
nodes of sensory information.

To study the fundamental principles of neural circuit organiza-
tion underlying sex differences in behavior, we identified and
mapped dsx* sexual dimorphisms in the CNS. Our analyses re-
vealed that all dsx* clusters are either sexually dimorphic or sex
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specific; none are sexually monomorphic. To examine higher or-
der processing differences between the sexes, we focused on
the dsx* anterior dorsal neuron (aDN) cluster, as it is present in
both sexes yet has sexually dimorphic dendritic arborizations
associated with sensory perception. We show that these
anatomical differences lead to sex-specific connectivity, with
male aDN inputs being exclusively visual, while female inputs
are primarily olfactory. Finally, we show that this unique sexually
dimorphic neuronal hub that reroutes distinct sensory pathways
gives rise to functionally distinct social behaviors between the
sexes: visual tracking during courtship in males and communal
egg-laying site selection in females.

RESULTS

dsx-expressing neurons in the CNS are either sexually
dimorphic or sex specific

To systematically investigate the anatomy of dsx-expressing
neuronal clusters in the CNS of both sexes, we carried out a
single cluster-level screen of dsx* neurons employing genetic
mosaic and intersectional approaches.'®?° We used image
co-registration to compare individually labeled male and fe-
male clusters to identify anatomical sexual dimorphisms
(data available through Virtual Fly Brain).?' After dissecting
approximately 3,500 brains, we found that all dsx* clusters
examined in the brain showed anatomical sex differences in
their cell numbers and/or neurite morphologies (Figure 1;
Table S1; see Lee et al.,'” Robinett et al.,'” and Kimura
et al.’® for cluster nomenclature). A similarly detailed analysis
of dimorphism in the ventral nerve cord (VNC) is described in
Figure S1 and Table S1. Collectively, our single-cluster map-
ping demonstrates that dsx* neuronal clusters in the CNS
are either sex specific or sexually dimorphic, while none are
sexually monomorphic.

dsx* aDNs have sexually dimorphic input sites

dsx expression is restricted to a small number of sexually dimor-
phic higher order neurons in the brain in both sexes, suggesting
they may act as key processing nodes of sensory information
that subserve sex-specific behaviors. The sexually dimorphic
dsx* aDN cluster, consisting of two neurons per hemisphere
with their somata located anteriorly in the superior lateral proto-
cerebrum (SLP), is a striking example of this functional organiza-
tion (Figure 1).

Overt sexual dimorphisms in sensory connectivity with the
aDNs were apparent when examining their neurites. All aDN neu-
rites are restricted to the ipsilateral protocerebra and do not
cross the midline (Figures 2A-2H). Male and female laterally
localized neurites terminate in noticeably different neuropils, ex-
hibiting clear sexually dimorphic arborization patterns. Male neu-
rites are restricted to the anterior optic tubercle (AOTu), one of
the central-brain optic glomeruli through which visual signals
are conveyed via visual projection neurons (VPNs) from the optic
lobe to the central brain.?>=?° In the female, the lateral neurites
are mainly in the posterior part of the superior lateral protocere-
brum (pSLP), with minor processes in the superior clamp (SCL)
and ventrolateral protocerebrum (VLP) (Figures 2A-2H). These
neuropil regions receive multiple sensory inputs, including those
from contact chemosensory, mechanosensory, olfactory, and
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auditory interneurons.’’~*® aDN medial neurites, in contrast,

terminate in the same areas in both sexes, the superior medial
protocerebrum (SMP) (Figures 2A-2C). These sex-specific neu-
rite patterns make it a particularly interesting candidate for a
node that could process sensory inputs differently between the
sexes.

To determine the flow of information through the aDNs in
males and females, we examined pre- and postsynaptic markers
using a split-Gal4 hemi-driver combination, dsxNVGlut, which
specifically labels the aDN in the brain.>* In males, postsynaptic
input (DenMark)*° signals were detected in the AOTu (Figures 2|
and 2K), while in females, input sites were observed in the pSLP/
SCL/VLP regions (Figures 2J and 2K). In contrast, aDN presyn-
aptic output sites (Syb::EGFP)*® were restricted to the SMP in
both sexes (Figures 2L-2N). These sex differences in dendritic
arborization lead to dimorphic connectivity in aDN neurons and
suggest they receive information from different sensory modal-
ities in males and females.

Male aDNs receive inputs from visual projection
neurons

aDNs receive extensive visual inputs from the AOTu in males, but
not in females. Among more than 20 known classes of VPNs, a
single class called the lobula columnar 10 (LC10) neurons send
their axonal projections exclusively to the AOTu (Figure 3A).??
A subpopulation of LC10 neurons, LC10a, regulates visual as-
pects of male courtship behavior, whereas no clear behavioral
function has been characterized in females.?® Intriguingly, the
anatomy and physiological responses of these LC10 neurons
are similar between the sexes.?® These findings led us to hypoth-
esize that males and females might receive the same visual
stimuli through LC10 neurons but produce distinct behavioral re-
sponses due to sex differences in their central-brain
connectivity.

We examined connectivity between LC10s and aDNs in males
using an LC10a-specific transgenic driver (Figure S2A).%° Co-
registration of LC10a presynaptic sites with the postsynaptic
dendritic fields of the aDNs revealed a clear overlap in males,
but not in females (Figures 3B and 3C). GFP reconstitution
across synaptic partners (GRASP)®’ also detected proximity be-
tween LC10a and aDN in males, but not in females (Figures 3D-
3G); control males showed no GFP signals (Figures S2B and
S2C). These observations suggest that LC10a neurons connect
to aDNs in males, but not in females. To corroborate the absence
of LC10a inputs to the aDN in females, we plotted aDN and
LC10a neurons in the same reference space using connectivity
information from the densely reconstructed hemibrain connec-
tome via the neuPrint (v1.1) database (https://neuprint.janelia.
org/).*® We confirmed that female aDNs do not receive input
from any of the approximately 450 LC10a single neurons anno-
tated in the hemibrain dataset (Figure S2D).

To test whether aDN and LC10a neurons are functionally con-
nected in males, we light-stimulated LC10a neurons expressing
the red-light-activated channelrhodopsin CsChrimson®° while
simultaneously recording fluorescence from aDNs expressing
GCaMP6f.>**° Initially, we did not see a response in aDNs in
either sex with different stimulation patterns (Figures 3H and
3l, top, and S2E-S2H), in apparent contrast to their anatomical
connection revealed by GRASP (Figures 3D and 3E). We
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reasoned that the response in aDNs might be masked by inhibi-
tion from other upstream neurons, potentially dependent on the
male’s courtship arousal state.”’ To test this possibility, we
blocked inhibitory inputs by applying picrotoxin (PTX), an inhibi-
tor of glutamate-gated chloride channels and gamma-aminobu-
tyric acid (GABA)-A receptors, and CGP54626, a GABA-B re-
ceptor antagonist, to the brain 15 min before the imaging
experiment.*'~*® After blocking inhibition, we observed a signif-
icant calcium response in male aDN dendrites during stimulation
of LC10a, which increased with a higher concentration of PTX
(Figures 3H and 3l). The apparent axonal responses in males
were not significant, probably due to larger variability, with only
some of the dendritic inputs leading to synaptic output from
axon terminals. Light-evoked responses were male specific (Fig-
ures 3H and 3I) and could not be detected in controls (Figures S2I
and S2J), even though both sexes showed spontaneous activity
after application of PTX (data not shown), probably as a result of
disinhibition of other inputs to aDNs. Therefore, anatomical and
physiological results confirm that the male, but not female, aDNs
receive visual inputs from LC10a VPNSs. This striking dimorphism
in aDN input sites generates different routing of sensory informa-
tion between males and females.

Male aDNs function in visually guided courtship
behavior

LC10a VPNs have been shown to extract object motion relative
to the background, recognizing the current position of a potential
mate during courtship.”> We therefore tested whether aDNs
might be a necessary downstream target to mediate their role
in courtship. We blocked evoked transmission from aDNs in
male flies using expression of a TNT transgene™* and tested their
courtship behavior. To specifically target aDNs, we combined
the split-Gal4 hemi-driver dsx N VGlut and a brain-specifically ex-
pressed FLP recombinase (Otd-FLP)*° with a Gal4/FLP-respon-
sive TNT effector (Figure S3A).

Courtship intensity and copulation success were markedly
reduced in aDN-silenced males (dsxNVGIlutNOtd > TNT)
compared with genetic controls (Figures 4A and 4B). However,
they exhibited normal latencies to initiate courtship (Figure 4C).
Pronounced abnormalities were apparent when examining
videos of aDN-silenced males (Videos S1 and S2). To quantify
specific behavioral deficits, we trained an automated behavioral
annotation system to detect the following male courtship behav-
iors: wing extension (a courtship-specific behavior used to
generate song), approaching, facing, turning, circling, and
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contact (STAR methods). We observed a reduction in both ap-
proaching and facing indices and a trend for an increase in the
contact index (a measure of the minimum distance between
the male and female; Figures S3B-S3D). Importantly, all other
indices examined were unaffected, suggesting specific rather
than general deficits (Figures S3E-S3G). As approaching and
facing behaviors both depend on being able to localize the fe-
male, we hypothesized that aDN-inactivated males have diffi-
culties tracking females. We therefore measured how the
male orients toward the female during courtship by examining
the position of the female relative to the male while he was unilat-
erally extending his wing. aDN-silenced males exhibited an in-
crease in the amount of misdirected courtship behavior (i.e.,
the male extended his wing when the female was not in front
of him; Figures 4D and S3H; Videos S1 and S2). This defect is
more discernible by examining the facing angle (Figures 4E
and 4G) and distance between the male and female (Figures
4F and 4H), which were both increased compared to controls,
a phenotype reminiscent of LC10a-silenced males.?® The mini-
mum distance, on the other hand, was decreased (Figure 4l),
showing that aDN-silenced males position themselves at a
broader range of distances while singing to the female. These
manipulations demonstrate that aDN-silenced males were
impaired in their ability to orient and track female movement dur-
ing courtship. These deficits are linked to a difficulty in locating
and following the female, not a reduced motivation to court.
aDN-silenced males are not blind in general, as they showed
the same preference for light as controls in a phototaxis assay
(data not shown). Our data are consistent with the male aDN
playing a role in motion detection during male courtship
behavior.

While courting, males unilaterally extend their wing closest to
the female (ipsilateral wing) to produce courtship song.*’
Although aDNs and LC10a neurons in males are both involved
in visually guided courtship pursuit of the female, their roles in
wing extension appear to differ. aDN-silenced males displayed
normal levels of unilateral wing extension (Figure S3I) and, in
contrast to LC10a-silenced males,?® exhibited normal ipsi-
versus contralateral wing choice (Figure S3J). aDN-silenced
males did, however, display an increase in bilateral wing exten-
sion (Figures 4J and S3K). This increase was due to an increase
in the number of bouts (Figure 4K) and not the bout length (Fig-
ure S3I). To test whether these phenotypes depend on visual
cues, we tested courtship behavior in the dark and found no sig-
nificant differences between aDN-silenced males and controls

Figure 1. Comprehensive single cluster-level mapping of dsx-expressing neurons in the brain
(A) A schematic drawing of dsx-expressing neurons in the male (left) and female (right) brain.

(B) Mean dsx* neuron numbers per cluster in the male and female central brain (see Table S1 for more detail). pC1, pC2l, and pCd-1 have more cells in males than
in females, while pCd-2 and aDN have the same number of cells in both sexes (see also Table S1).

(C) Sexually dimorphic dsx-expressing neuronal clusters in the brain individually visualized by MARCM, as driven by dsx=#"“, except for the aDN cluster, which
was visualized by a split-Gal4 combination (for simplicity, only the unilateral cluster is shown). The male (green) and female (magenta) corresponding clusters are
co-registered onto a template brain (blue; left). The male (middle) and female (right) clusters are shown individually. Yellow ellipses show cell body positions. Male-
and female-specific neurite arbors are indicated with green and magenta arrowheads, respectively. NB: pMN1 is not shown, as we failed to label a single cell in
isolation. We observed five sexually dimorphic clusters with male-specific neurite arbors (pC1, pC2l, pCd-1, pCd-2, and aDN) and two with both male- and
female-specific arbors (pC2l and aDN).

(D) Male-specific dsx™ clusters/neurons in the brain individually visualized by MARCM, except for the SN neuron, which was visualized by a split-Gal4 combi-
nation.

(E) The female-specific dsx* pMN2 neuron in the brain visualized by MARCM.

(C-E) Scale bars: 50 um. See also Figure S1. See Table S3 for the full genotypes.

Gal4
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(A-C) The male (green) and female (magenta) aDNs, visualized using the dsx®@*P5P and VGlut?/F764P hemi-driver combination, co-registered onto a template
brain (blue). Arrowheads indicate cell bodies. We note that we did not find any consistent morphological difference in neurite distribution of individual aDNs within
either sex (data not shown).

(D) A 3D-rendered schematic of the neuropil regions, AOTu (green) and SLP (magenta).

(E-G) Lateral view images of (A)—(C). Small and large yellow boxes in (E) and (F) indicate the positions of AOTu and SLP, respectively. Solid and dashed lines of the
boxes indicate the presence and absence of neurites in the defined neuropil regions, respectively. “D” and “P” in (E) represent dorsal and posterior, respectively.
(H) A lateral view image of (D).

(-N) DenMark (I-K) and Syb (L-N) signals driven by the dsx®@#PBP and VGlut®V"64P hemi-driver combination in the male (green; I, K, L, and N) and female
(magenta; J, K, M, and N) brain.

(A-N) Scale bars: 50 um. See Table S3 for the full genotypes.

(Figures S3M-S3R), suggesting that, in the absence of visual
cues, aDN neurons are not necessary for normal courtship
behavior. Bilateral thermogenetic activation of aDNs in solitary
males did not induce any wing extensions (data not shown), in
contrast to LC10a bilateral activation, which induces unilateral
wing extensions.”® Our findings suggest that visually guided
courtship behavior through LC10a VPNs consists of two sepa-
rable components—visual tracking and wing choice—likely
mediated by different sets of downstream neurons. aDN is
involved in the former, but not the latter. We therefore set out
to identify additional downstream targets of LC10a that might
control wing choice.

The fru-expressing AL5a cluster is downstream of
LC10a VPNs
To identify additional neurons downstream of LC10a, we exam-
ined a candidate neuronal cluster, AL5a, which innervates the
AOTu and expresses the sex-determination gene fru.”'*%%
Interestingly, when AL5a is unilaterally activated, male flies
frequently display unilateral wing extension,”® a behavioral
phenotype reminiscent of unilateral LC10a activation.”® Based
on these observations, we hypothesized that AL5a (also known
as aSP-l and aSP11)°"*? is downstream of LC10a.
Co-registration of LC10a with the AL5a cluster revealed clear
overlap in the AOTu region in males and females (Figures 5A-5C
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and S4A). To investigate the anatomical and physiological con-
nectivity between LC10a and AL5a, we identified a Gal4 line
that is expressed in AL5a neurons and confirmed fru* AL5a
AOTu innervation (Figures S4B and S4C).?"*® We found that
AL5a input sites are associated with the AOTu (Figures 5D and
5E), and GRASP detected robust signals in both sexes between
LC10a and AL5a neurons in the dorsal side of the AOTu (Figures
5F and S4D). Our findings suggest that the AL5a neurons con-
nect with LC10a neurons in both sexes.

To confirm that LC10a and AL5a neurons are functionally con-
nected, we optogenetically activated the LC10a neuronal popu-
lation while simultaneously imaging calcium transients in the
dendritic arbors of AL5a neurons in the AOTu. We observed a
large calcium response in AL5a input sites in both sexes (Figures
5@G, 5H, and S4E-S4K), suggesting that, unlike aDNs, AL5a re-
ceives inputs from LC10a in both sexes. Together, these data
indicate AL5a neurons are downstream of LC10a neurons in
both sexes, whereas connectivity from LC10a to aDN is male
specific.

Female aDNs receive multimodal sensory inputs

While males utilize aDNs to process visual inputs, female aDNs
have alternative inputs. Using ultrastructural connectivity, we
found female aDNs process information from multiple sensory
modalities, the most prominent of which are olfactory and
thermo- and hygrosensory cues. We examined direct synaptic
connectivity between annotated aDNs and circuit elements in
the female hemibrain electron microscopy (EM) dataset (Fig-
ure 6A). In agreement with our light imaging results, we found
the dendrites of aDNs span multiple neuropils in females (Figures
6A and 6B), whereas the axonal region is restricted to the SMP
neuropil. Although over 80% of aDN inputs and outputs were
restricted to the dendritic and axonal regions, respectively,
many axo-axonic inputs and dendro-dendritic outputs were
found (Figure 6C). We next examined the identity of the neurons
pre- and postsynaptic to the aDN (Figures S5A and S5B; Table
S2). We focused on the 30 neuron types with the largest contri-
bution to the synaptic input budget (Figure 6D). A clear connec-
tion between olfactory input processing neurons and the aDN
was apparent, as 9 of the neuron types are associated with the
lateral horn (LH) and receive inputs from olfactory projection
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neurons (PNs) (Figures 6D and S5A). The LH is involved in innate
odor responses as well as thermo- and hygrosensory re-
sponses.®’ We also identified direct inputs from potential olfac-
tory and thermo-/hygrosensory PNs into the aDN, including the
multi-glomerular VP5+ adPN, known to have extensive innerva-
tion in the humid air sensing VP5 glomerulus in the antennal
lobe (AL) as well as the subesophageal zone (SEZ) (Figures 6D
and S5C).%? In addition to antennal sensory inputs, multiple neu-
rons ascending through the lateral antennal lobe tract (IALT) syn-
apse onto the aDN (IALT1 and IALT2; Figures 6D and S5D). The
morphology of these IALT-tract axons is reminiscent of contact
chemosensory and mechanosensory ascending neurons from
the VNC.*"*? Together, this indicates that female aDNs receive
multimodal sensory inputs, many of which are pre-processed ol-
factory and thermo- and hygrosensory cues inputting through
the LH.

Female aDNs receive functionally relevant olfactory
inputs

To analyze functional connectivity between the olfactory
system and the aDNs, we expressed the optogenetic activator
CsChrimson under the control of a broad antennal-lobe
projection neuron driver line, GH146-LexA, which expresses in
two-thirds of all second-order olfactory PNs,>*** and monitored
the activity of aDNs expressing GCaMP6f upon light stimulation.
When PNs were optogenetically activated, female, but not male,
aDNs showed an increase in fluorescence in both their dendritic
and axonal compartments (Figures 6E-6G), with similar re-
sponses in both virgin and mated females. These responses
confirm that female aDNs are downstream of the antennal-lobe
PNs and, importantly, that this functional connectivity is female
specific. To test whether this sex-specific response was at least
in part olfactory in origin, we expressed the optogenetic activator
CsChrimson under the control of a broad olfactory sensory
neuron (OSN) driver line, Orco-LexA, which expresses in most
OSNs in the basiconic and trichoid sensilla.>> We found that fe-
male, but not male, aDNs showed an increase in calcium signals
during stimulation of OSNs. Intriguingly, these responses were
more robust in 24-48 h post-mated females compared to virgin
females, suggesting a change in aDN responses to odors after
mating (Figures 6H and 6l) and predicting a role for aDN neurons

Figure 3. Male, but not female, aDN is a downstream cluster of LC10a

(A) Male LC10a cluster labeled by OL0019B (R35D04-p65.AD/R22D06-Gal4.DBD; blue) registered onto a template brain (gray). White arrowhead indicates the
cell bodies. Scale bar: 50 um.

(B) Male aDN (green) and LC10a (blue) are co-registered onto a template brain (gray).

(C) A dorsal view image of the brain is shown in the upper panel, and the male (green) and female (magenta) aDN and sexually monomorphic LC10a (blue) are co-
registered and shown in the same view as above in the lower panel. Yellow boxes indicate the AOTu and optic lobe (OL). P and “L” represent posterior and lateral,
respectively. Scale bar: 30 um.

(D-G) GRASP experiments between LC10a and aDN. Male (D and E) and female (F and G) AOTu regions are shown. 10 samples in each sex were observed. Only
male samples showed GRASP-positive fluorescence. Scale bars: 30 pm.

(H) Black and white insets: maximum projections of confocal stacks of male aDNs; red boxes indicate the axonal and blue boxes the dendritic recording regions.
Mean (dark gray line) and standard error (SE) (light gray shaded area) of AF/F in aDN axonal and dendritic compartments in response to a 5-s (40-Hz, 10-ms
pulses) red light-emitting diode (LED) optogenetic stimulation (stimulus time indicated by pink bar) of LC10a neurons expressing CsChrimson in virgin females
(left), mated females (middle), and males (right) are shown; top: without picrotoxin (—PTX) and CGP54626 are shown (n for axonal/dendritic = virgin females 10/10,
mated female 13/12, and male 24/18); middle: 150 uM picrotoxin and 50 uM CGP54626 are shown (n for axonal/dendritic = virgin females 8/8 virgin female flies,
mated female flies 18/19, and male flies 13/14); bottom: 300 uM picrotoxin and 50 uM CGP54626 are shown (n for axonal/dendritic = virgin females 12/11 virgin
female flies, mated female flies 13/14, and male flies 16/13).

(I) Mean and SE of the area under the AF/F curve (AUC) from beginning until 1 s after the end of the stimulus for experiments in (H). Not significant (ns) p.adj > 0.05;
*p.adj < 0.05 by Mann-Whitney-U-test adjusted for multiple comparisons with the Holm method.

See also Figure S2. See Table S3 for the full genotypes.
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in female post-mating behavior. These physiological data, in
conjunction with the pattern of female-specific aDN connectivity
in the brain, confirm that female aDNs respond to olfactory rather
than visual input.

The female aDNs play a role in egg-laying site selection

When examining aDN connectivity, we found striking recurrent
connectivity between aDNs and recently identified egg-laying
circuitry (Figures 6D and 7A-7D).°® Indeed, the neuron with the
most synaptic inputs to the aDNs, with axo-axonic connections
making up 15.5% of the axonal input budget, is the oviposition
excitatory neuron oviEN, which mediates external sensory sig-
nals involved in egg-laying site selection in mated females (Fig-
ures 7A and S5A).°° oviEN and aDN cell bodies are distinct
and derived from different neuroblasts; however, their neuronal
processes have nearly identical layouts (Figure 7B), suggesting
they may integrate similar information (e.g., LH pre-processed
olfactory). oviENs are excitatory cholinergic neurons, whereas
aDNs are glutamatergic and could be inhibitory, excitatory, or
both depending on postsynaptic receptor expression,®”°® sug-
gesting there may be differences in the way these two types of
neurons process sensory information. The oviposition inhibitory
neuron (ovilN) also forms synapses onto the axons of the aDNs
from both the ipsilateral and contralateral hemispheres (Fig-
ure 7C), together accounting for 18.4% of the aDNs’ axonal
budget (Figure 6D). The ovilN conveys information about female
mating status, potentially inhibiting aDN axonal output in virgin
females only.°® We found that aDNs directly output onto oviDNa,
a female-specific descending neuron controlling egg laying (Fig-
ures 7A and 7D),°° and an uncharacterized neuron SMP156,
which appears highly integrated into the egg-laying circuitry (Fig-
ure 7A). aDNs devote the largest proportion of their axonal
budget to SMP156, contributing the highest fraction to
SMP156s inputs (5.7%). The oviEN contributes the 2" highest
(1.8%) to the SMP156 inputs, with ovilN neuron inputs being
less prominent (0.86%). SMP156 outputs across both hemi-
spheres in the inferior bridge (IB), a neuropil that spans the
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midline, implying it is involved in comparison and analysis of sig-
nals from different directions (Figures S6A and S6B).°° The
prominent connectivity of SMP156 neurons with egg-laying cir-
cuitry suggests it might act as an integrator of egg-laying signals.

The connections between aDNs, egg-laying circuitry, and the
olfactory system, as well as their mating state-dependent re-
sponses to olfactory signals, predict a role in the social aspects
of egg laying. In a social context, females rely on olfactory pher-
omonal cues deposited by resident flies at shared egg-laying
sites.®® We tested the hypothesis that the aDNs are necessary
for this female-specific social and reproductive behavior by giv-
ing mated females the choice to lay eggs either on a patch
marked with male pheromone extracts or a patch devoid of so-
cial cues (Figure 7E). Male pheromones attracted control fe-
males to lay their eggs on the pheromone-marked patch, while
females in which aDNs where silenced by TNT did not distinguish
between patches marked with pheromones or those devoid of
them, resulting in a significant difference among genotypes (Fig-
ure 7F). Moreover, as silencing of aDNs did not have an effect on
the number of eggs laid (Figure 7G) but did on the preference for
pheromone-marked egg-laying sites, these data indicate that
aDNs have a specific role in egg-laying site selection and not
on fecundity. Finally, we asked whether the aDNs play a role in
female pre-mating behaviors. Copulation latency and overall
fertility were unaffected in aDN-silenced virgin females (Figures
S6C-S6E). These data suggest a specific role for female aDNs
in egg-laying site selection based on olfactory cues rather than
a general role in mating behavior.

DISCUSSION

We have identified a small cluster of two neurons per hemisphere
in the central brain, which reconfigures circuit logic in a sex-spe-
cific manner. Perhaps most surprising is the seemingly unrelated
behaviors these equivalent neurons control in each sex—visual
tracking during courtship in males and communal egg laying in
females. Ultimately, these circuit reconfigurations lead to the

Figure 4. Silencing male aDN alters visually guided courtship behavior

(A-K) In boxplots, boxes represent 15t to 3 quartile, bar represents the median, lower whisker represents the smallest value at most 1.5 * inter-quartile range from
the 15t quartile, upper whisker represents the largest value at most 1.5 * inter-quartile range from the 3" quartile, points represent data points beyond the
whiskers.

(A) Courtship index (%; Fs,114) = 16.8; p.adj < 0.0001).

(B) Cumulative proportional copulation (% + 95% confidence intervals) over a 60-min time period (XZ(S) = 38.2; p.adj < 0.0001).

(C) Latency to court (minutes; F(s 114) = 3.04; p.adj = 0.42).

(D) Heatmap of the relative position of the female to the male (red dot) while the male’s wing was extended. A schematic representation of the behavior is on the far
left. For each genotype, the female’s relative location during contralateral extensions is on the left and ipsilateral on the right. The color of each square represents
the number of occurrences (non-occurrences are white).

(E-K) Schematic representations of the behaviors are inset.

(E) Mean probability density functions (%/° + 95% confidence intervals) of the facing angle (°) of the male.

(F) Mean probability density functions (%/mm + 95% confidence intervals) of the distance to other (mm).

(G-K) Summary characteristic for each male during the courtship period.

(G) Mean facing angle (Fz 114 = 18.5; p.adj < 0.0001).

(H) Mean distance to other (F3 114 = 15.6; p.adj < 0.0001).

(I) Minimum distance to other (F(3 114) = 24.4; p.adj < 0.0001).

(J) Bilateral wing index (F 114y = 17.5; p.adj < 0.0001).

(K) Bilateral wing bout rate (F3,114) = 9.22; p.adj < 0.001).

Full genotypes: (A) Otd-FLP/+; dsx®@4PB0/ (n = 31); (B) VGIut®F 1642, UAS > stop > TNT/+ (n = 20); (C) VGIut?F'6AP UAS > stop > TNT/+; dsxC34+PBD/y (n = 34);
(D) VGIut®P164P UAS > stop > TNT/Otd-FLP; dsx®@#PBD/ (n = 33). *p.adj < 0.05; **p.adj < 0.01; **p.adj < 0.001; ***p.adj < 0.0001 by t test (B and G-K) or log
rank test (C) or Kolmogorov-Smirnov test (E and F) and adjusted with the Holm method. ns, p.adj > 0.05. See also Figure S3 and Videos S1 and S2. See Table S3
for the full genotypes.
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Figure 5. fru-expressing AL5a is an additional downstream cluster of LC10a
(A) A neuroblast clone of the male AL5a as visualized by fru"2’-driven MARCM. Scale bar: 50 um.
(B) Male AL5a (green) and LC10a (magenta) are co-registered onto the template brain (blue). Scale bar: 30 um.

(C) A lateral view image of (B). Scale bar: 30 um.
(D) Expression pattern of R22D04-Gal4-driven DenMark in the male.

(E) The AOTu region of (D) is magnified. AL5a input sites are notably most intense in the dorsal side of the AOTu, whereas the ventral side showed minimal, if any,
labeling. A yellow asterisk indicates the absence of dense innervation of AL5a dendrites. Scale bar: 30 um.

(F) GRASP experiment between LC10a and AL5a in the male in color (left) and black and white (right). A red asterisk indicates the absence of intense GFP signals.
10 samples were observed. All samples showed GRASP-positive fluorescence. Scale bar: 30 um.

(G) Black and white inset: maximum projection of a confocal stack of mCD8::GFP-labeled AL5a in a male. Recording region in the AOTu for calcium imaging is
indicated by a gray box. Mean (dark gray) and SE (light gray) of AF/F in AL5a neuron input sites expressing GCaMP6f under control of the R22D04-Gal4 driver in
response to 5 s optogenetic activation (pink bars) of LC10a neurons in females (left, n = 7) and males (right, n = 13).

(H) Mean and SE of the AUC for experiments in (G).

ns, p.adj > 0.05 by Mann-Whitney U-test adjusted for multiple comparisons with the Holm method. See also Figure S4. See Table S3 for the full genotypes.

same end result—an increase in reproductive success. Our find-
ings highlight a flexible strategy used to structure the nervous
system, where relatively minor modifications in neuronal net-
works allow each sex to respond to their social environment in
a sex-appropriate manner.

The behavioral function of the male aDN cluster appears to be
related to visual aspects of courtship behavior. A set of visual
projection neurons, LC10a, was previously identified as involved
in tracking and following behaviors in the male during courtship;
however, no apparent sex differences in their anatomy or their

1184 Current Biology 37, 1175-1191, March 22, 2021

physiological responses to visual stimuli were detected.” It
would seem these sex differences in behavior arise from the
sex-specific downstream connectivity of LC10a neurons in the
central brain. Here, we identify aDNs connecting downstream
to LC10a in males only. aDN inactivation mirrors visual tracking
defects displayed upon LC10a inactivation (Figure 4); therefore,
the male aDN cluster confers sex specificity to visually guided
tracking of females during courtship.

We additionally identified AL5a neurons to be downstream of
LC10a in both sexes. Interestingly, it has been reported that
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Figure 6. Female aDN neurons are downstream of olfactory projection neurons

(A) 3D representation of reconstructions from volumetric EM data of aDN (black; BodyIDs: 541347811 and 604070433) and synaptic neuropils in the right-brain
hemisphere. The neuropils innervated by dendrites, SLP, SCL, LH, posterior lateral protocerebrum (PLP), dorsal accessory calyx (dACA), and anterior ventro-
lateral protocerebrum (AVLP), as well as the axon innervated SMP are shown.

(B) Synapse number of aDN inputs (postsynapses) and outputs (presynapses) by neuropil in blue and red, respectively.

(C) Spatial distribution of aDN inputs (top; postsynapses: blue) and outputs (bottom; presynapses: red).

(D) Synaptic connectivity between female aDN and upstream neurons. The 30 top neuron types with most synaptic connections to aDN are shown. The median
percentage of contribution to each aDN’s input budget (i.e., the contribution of a single upstream neuron’s synaptic input as a fraction of the total number of inputs
to aDN and, for clusters, the median of contributions) is indicated. Dendritic and axonic input budgets are shown in gray and black, respectively. For clusters types

(legend continued on next page)
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AL5a is likely upstream of the fru* cluster Lv2/plP-b/plP8,*%*°

thought to exchange and integrate visual information from the
right and left hemispheres of the brain. This male-specific con-
nectivity is compatible with a potential role for AL5a in mediating
visual information necessary for wing choice during courtship, a
behavior these neurons have been shown to elicit when
activated.”°

The two LC10a downstream clusters we identified, aDN and
AL5a, also show differences in their anatomical connectivity
and physiological responses. Whereas AL5a is downstream of
LC10a in both sexes, aDN is only connected to LC10a in the
male. Despite direct anatomical connectivity between LC10a
and aDN in males (Figure 3), functional connectivity was only un-
covered under conditions of pharmacological disinhibition. This
observation might hint at inhibitory modulation of aDN that de-
pends on the male’s internal state, e.g., his mating drive, or addi-
tional cues that influence his courtship arousal. A previous study
found that, in sexually satiated males, calcium responses in
courtship “decision-making” P1 neurons were absent when
stimulating upstream neurons but could be restored to the levels
observed in naive males by application of PTX.* It is tempting to
speculate that inhibition in the LC10a — aDN pathway is simi-
larly linked to sexual arousal. In contrast, AL5a responses to
LC10a stimulation occurred in the absence of PTX and were
markedly larger in AL5a than in aDN (compare Figures 3H, 3lI,
5@G, and 5H). The variation in calcium signals could be due to
the considerable difference in cell numbers comprising each
cluster (2 aDN versus 24 AL5a) or due to inputs from different
AOTu regions. aDNs sample from the whole glomerulus region,
whereas the AL5a cluster is restricted to the dorsal part of the
AOTu, suggesting they extract information from broad versus
specific parts of the visual field, respectively. Future investiga-
tion will be aimed at linking the clusters’ anatomical differences
with their differential processing of visual information to facilitate
distinct behavioral roles.

In females, the aDN cluster does not receive visual information
but appears to sample from a range of sensory modalities, with
information received via the antennal lobe dominating its inputs,
suggesting its involvement in a complex behavior requiring multi-
sensory integration. One such behavior is female egg-laying site
selection, which is critical to the success of offspring.®’ For
Drosophila, offspring survival rates depend on the selection of
oviposition sites that are shared with conspecifics, a process
known to rely on olfaction.®® We have shown that aDNs are high-
ly integrated into circuitry known to regulate oviposition (Fig-
ure 7A).°° The excitatory oviEN, which is anatomically similar to
the aDNs, responds to information about substrate suitability
via gustatory and mechanosensory cues in the legs and directly

Current Biology

influences aDN output. Silencing oviEN function suppresses egg
laying itself, whereas silencing aDN does not affect the overall
number of eggs laid. Instead, aDN-silenced females are no
longer able to show a preference to lay eggs communally, losing
a female-specific social behavior essential for offspring sur-
vival.®® While both oviEN and aDN output directly onto the ovipo-
sition motor program (through oviDNs), oviENs are the largest
contributors to oviDN dendritic budgets, with aDN being rela-
tively minor contributors. Thus, the aDN cluster acts as a modu-
lator of egg laying choice, whereas the oviEN more generally af-
fects the mechanics of egg laying.

As the oviposition of fertilized eggs is a female behavior that
can only be displayed after mating, the behavioral programs
required are likely inhibited in virgin females. The activity of the
inhibitory neuron ovilN depends on female mating status and
thus appears to act as a general inhibitor of egg-laying circuitry
in virgin females.®® ovilNs form axo-axonic synapses with both
the aDN and oviEN, suggesting they gate their outputs by pre-
synaptic inhibition in a state-dependent manner.®® Intriguingly,
as both oviEN and ovilN form axo-axonic synapses with aDN,
this suggests a potential gating mechanism by which their rela-
tive strengths inhibit or facilitate output from aDN onto down-
stream targets.

Consistent with aDNs’ behavioral function in egg-laying site se-
lection, a female post-mating behavior, we found differences in
the aDN physiological responses in mated versus virgin females.
Stimulation of OSNs resulted in significantly stronger aDN calcium
responses in mated females compared to virgins (Figures 6E-6l).
This finding might hint at a state-dependent inhibition of olfactory
inputs into aDN in females, potentially analogous to the inhibition
of visual inputs to aDN observed in males. The difference in phys-
iological responses between mated and virgin females was not
observed when stimulating PNs, which are downstream of
OSNs but upstream of aDN. There are different possible explana-
tions for this discrepancy, including differences in the populations
of neurons targeted by the driver lines used to target PNs versus
OSNs or inhibition in virgin females occurring at the level of OSN to
PN connectivity; therefore, activating PNs directly bypasses the
state-dependent inhibition. In addition to state-dependent effects,
there also seemed to be differences in the calcium responses in
different neuronal compartments (Figures 6E-6l). This finding
could be explained by the position of the input synapses of
different upstream neurons into the aDN (e.g., dendritic versus ax-
onic). The exact mechanism of how aDN integrates these different
inputs and transforms them into an output that guides egg-laying
site selection remains to be examined.

The principal output of the female aDN is the previously unde-
scribed SMP156 neuron, which itself outputs primarily in the IB,

consisting of several single neurons, the number of neurons per cluster is indicated in parenthesis. Neuron types classified as LH-associated, putative PNs, and
ascending IALT neurons are color coded. BodylDs and metadata of neurons in Table S2 are shown.

(E) Confocal light microscopy images of mCD8::GFP-labeled female (top) and male (bottom) aDNs. Boxes indicate the recording regions for calcium imaging.
(F) Mean (dark gray line) and SE (light gray shaded area) of AF/F in aDN axonal (top) and dendritic (bottom) compartments in response to a 5-s optogenetic
stimulation of olfactory projection neurons (pink bar) in virgin females (left, n = 18), mated females (middle, n = 11), and males (right, n = 10).

(G) Mean and SE of AUC for experiments in (F).

(H) Mean (dark gray) and SE (light gray) of AF/F in aDN axonal (top) and dendritic (bottom) compartments in response to a 5-s optogenetic stimulation of olfactory
sensory neurons (pink bar) in virgin females (left, n = 14), mated females (middle, n = 10), and males (right, n = 9).

() Mean and SE of AUC for experiments in (H).

ns, p.adj > 0.1, ®*p.adj < 0.1, *p.adj < 0.05, **p.adj < 0.01, “**p.adj < 0.001, and ***p.adj < 0.0001 by Mann-Whitney U-test adjusted for multiple comparisons with

the Holm method. See also Figure S5. See Table S3 for the full genotypes.
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Figure 7. Female aDNs are involved in egg-laying site selection

(A) Wiring diagram depicting the connectivity between aDN (dark gray) and neurons involved in egg laying. The thickness of the lines represents the relative
strengths of synaptic connectivity as determined by the number of synaptic connections in the electron microscopy dataset. Inputs from sensory-processing
neuropils and the LH into the aDN are shown (light gray).

(B-D) 3D representation of reconstructions from volumetric EM data of aDN (2 neurons in black) and individual egg-laying neurons in the flies’ right-brain
hemisphere (green and blue) are shown. Input synapses from egg-laying neurons into the aDN are shown in blue and output synapses from aDN into egg-laying
neurons are shown in red.

(B) oVviEN (type: SMP550; BodyID: 452689494, green) and aDN. aDN receives mainly axo-axonic synapses from oviEN. The aDN provides a small number of
inputs into oviEN dendrites.

(C) ovilN (BodyID: 485934965, light blue) and aDN. The ipsilateral ovilN is shown. Synapses between the neuron types are restricted to the axonal filed.

(D) oviDNa (type: SLP410; BodylD: 450971893, purple) and aDN. aDN axonal outputs onto the descending oviDNa restricted to the SMP are shown.

(E) Schematic representation of the two-choice oviposition assay. The oviposition assay contained two 0.75% agar zones with 100 mM of sucrose either
containing a pheromone extract (dark gray zone) or a solvent control treatment (light gray zone).

(legend continued on next page)
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where its axons show cross-hemisphere connectivity, suggest-
ing it acts as integrators of sensory information from different di-
rections. The major SMP156 output neuron type (IBO11) projects
to the lobula in the opposite hemisphere, potentially integrating
olfactory and visual information as observed in other flying in-
sects during pheromone orientation.®*®° Olfactory navigation re-
quires comparisons of left and right inputs, e.g., when male
moths orient themselves toward conspecific females in
response to sex pheromones.®® Determination of position and
direction applies to males pursuing females and females
following pheromonal cues to locate a communal egg-laying
site. We propose that the aDN cluster in females selectively inte-
grates sensory information, relaying it to SMP156, which confers
directionality and processes information relevant to locating an
appropriate egg-laying site. In the absence of a male connec-
tome for comparison, we can only speculate about potential
shared downstream connectivity. As the male aDN output sites
are mainly overlapping with female sites in the SMP (Figures 2J
and 2L), it is possible that the male visual pathway also inputs
into SMP156, or a similar neuron associated with the 1B, poten-
tially feeding back onto visual pathways, supporting appropriate
tracking of the female. A male connectome and more genetic
tools will help reveal the full extent of downstream functional
connectivity and convergence between the sexes.

As fundamental features of most animal species, sexual di-
morphisms and sex differences have particular importance
for the function of the nervous system. These innate sex-spe-
cific adaptations are built during development and orchestrate
interactions between sensory information and specific brain re-
gions to shape the phenotype, including the emergent proper-
ties of the sex-specific neural circuitry. Evolutionary forces
acting on these neural systems have generated adaptive sex
differences in behavior.®” In Drosophila, males compete for a
mate through courtship displays, while a female’s investment
is focused on the success of their offspring. These sex-specific
behaviors are guided by the perception and processing of sen-
sory cues, ensuring responses lead to reproductive success. In
this study, we have shown how a sex-specific switch between
visual and olfactory inputs underlies adaptive sex differences in
behavior and provides insight on how similar mechanisms may
be implemented in the brains of other sexually dimorphic
species.
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REAGENT or RESOURCE SOURCE IDENTIFIER

any2ufmf open source http://ctrax.sourceforge.net/any2ufmf.
html

R R Development Core Team, 2020 https://www.r-project.org/

Calcium imaging analysis scripts
Python (scipy and statsmodels)
Behavioral analysis scripts

This study
Python Software Foundation
This study

https://github.com/AR2202/2-photon

https://www.python.org/
https://github.com/aaron-allen/

aDN_behaviour and https://github.com/
aaron-allen/goodwin-lab-tracking

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Stephen
F. Goodwin (stephen.goodwin@cncb.ox.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability

Scripts used for behavioral analysis are available from https://github.com/aaron-allen/aDN_behaviour and https://github.com/
aaron-allen/goodwin-lab-tracking and those for calcium imaging analysis from https://github.com/AR2202/2-photon. Single neuron
and cluster images described in this study will be uploaded to a publicly available database hosted by Virtual Fly Brain (https://v2.
virtualflybrain.org) following publication. Requests for further details of the software and raw data should be directed to and will be
fulfilled by the Lead Contact, Stephen F. Goodwin (stephen.goodwin@cncb.ox.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Fly strains

All Drosophila melanogaster strains were reared at 25°C and 40%-50% humidity on standard cornmeal-agar food in 12:12 h light:
dark cycle. Flies were aged 3-8 days post eclosion. Sexes of the flies used are stated in each Figure and Legend. Flies used for
optogenetic activation experiments were transferred to food containing 1 mM all-trans retinal during adulthood®°. For GRASP exper-
iments, flies were reared at 18°C and aged 14-20 days post eclosion®’. Fly strains used in this study (the full genotype list is available
in Table S3) include wild-type Canton-S; dsx®@* ; hs-FLP(22), FRTG13, UAS-mCD8::GFP and FRTG13, tubP-Gal80 (Daisuke
Yamamoto); dsx®34PEP: Glut?F16AD; yT029314-LexA; R35D04-p65.AD and R22D06-Gal4.DBD; R22D04-Gal4 (BDSC #48981);
GH146-LexA (Tzumin Lee); Orco-LexA (Tzumin Lee); Otd-FLP (David Anderson); UAS > mCherry > ReaChR (BDSC #53743);
10xUAS-IVS-mCD8::GFP (BDSC #32186); UAS > stop > mCD8::GFP (Barry Dickson); UAS-DenMark; UAS-Syb::EGFP ; UAS-
CD4::spGFP1-10, lexAop-CD4::spGFP11; UAS-GCaMP6f ; 13XlexAop2-CsChrimson::tdTom) (BDSC #82138), and UAS > stop >
TNT. See Table S3 for the concrete genotypes of the flies used in each experiment.

METHOD DETAILS

Generation of mosaic clones

Somatic clones were produced using the MARCM method as described previously'®. The flies used for MARCM analysis were
obtained from crosses between y, w, hs-FLP(22); FRTG13, UAS-mCD8::GFP; dsx®* and y, w, hs-FLP(22); FRTG13, tubP-Gal80;
UAS-mCD8::GFP. To generate mosaic clones, chromosomal recombination was induced by applying three heat-shock treatments
to embryos and larvae 24, 36 and 48 h after egg-laying at 38 °C each for 10-15 min. In another set of MARCM experiments, the flies
were obtained from crosses between y, hs-flo; FRTG13, UAS-mCD8::GFP; fru™"?" and y, w, hs-FLP(22); FRTG13, tubP-Gal80; UAS-
mCD8::GFP. Heat-shock was applied to embryos 24 h after egg laying at 38°C for 7 min.

Immunohistochemistry

After a brief pre-wash of adult flies in 100% EtOH to remove hydrophobic cuticular chemical compounds, brains and VNCs were
dissected in PBS at RT (20-25°C), collected in 2 mL sample tubes and fixed with 4% formaldehyde (Sigma-Aldrich) in PBS (Sigma-Al-
drich) for 20 min at RT. After fixation, tissues were washed in 0.7 % PBS/Triton X-100 (Sigma-Aldrich) (PBT) 3 times each for 20 min at RT.
After blocking in 10% normal goat serum (Sigma-Aldrich) in PBT (NGS/PBT) overnight (8-12 h) at RT, tissues were incubated in primary
antibody solutions for 72 h at 4°C (1:1000, rabbit anti-GFP, Thermo Fisher Scientific; 1:100, mouse anti-GFP, Sigma-Aldrich; 1:1000, rat
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anti-mCherry, Thermo Fisher Scientific; 1:10, mouse anti-Brp, Developmental Studies Hybridoma Bank; 1:50, rat anti-CadN, Develop-
mental Studies Hybridoma Bank). After 4 washes in PBT for 1 h each at RT, tissues were incubated in secondary antibody solutions for
48 hat4°C (1:500, anti-rabbit Alexa Fluor 488, anti-mouse Alexa Fluor 488, anti-mouse Alexa Fluor 546, anti-rat Alexa Fluor 546, anti-rat
Alexa Fluor 633, anti-mouse Alexa Fluor 546, anti-mouse Alexa Fluor 633, Thermo Fisher Scientific). After 4 washes in PBT for 1 h each at
RT, 70% glycerol in PBS was added to the sample tubes, which were subsequently transferred to —20°C and kept for at least 8 hr for
tissue clearing. Specimens were mounted in Vectashield (Vector Laboratories).

Confocal image acquisition and processing

Confocal image stacks were acquired on a Leica TCS SP5 confocal microscope at 1024 x 1024-pixel resolution with a slice size of
1 um. Water-immersion 25x and oil-immersion 40x objective lenses were used for VNC and brain images, respectively. Z stack im-
ages were generated, and signals in unrelated regions, background noise and unexpected tissue debris were erased using Fiji
(https://fiji.sc/). Images were registered on to intersex template brain and VNC using the Fiji Computational Morphometry Toolkit
(CMTK) Registration GUI (https://github.com/jefferis/fiji-cmtk-gui;)®'). 3D volume-rendered images were generated using Amira
5.4.2 (Thermo Fisher Scientific; https://www.thermofisher.com/amira-avizo). The schematic drawings of the AOTu and SLP (Figures
2D and 2H) are made by modifying the JFRC2 template brain and neuropil labels downloaded from the Virtual Fly Brain database.”""?

Representations of anatomical hemibrain data

Volumetric data of neurons and neuropils was obtained from the hemibrain project’s neuPrint neuroglancer plugin (HHMI Janelia Fly
EM; GoogleAl; https://neuroglancerhub.github.io/ ; https://neuprint.janelia.org/)*®. Blender v2.8.2 with navis v2.2.-blender interface
(https://pypi.org/project/navis/ ; https://github.com/schlegelp/navis)”® and custom python-based scripts have been used to
assemble and render anatomical 3D representations. Connectivity data and synapse locations were obtained from the neuPrint data-
base and have been processed with navis v2.2 based custom python scripts inside the blender python 3.7 console. All scripts are
available upon request.

Neuron identification/classification
Neuron clusters are based on neuPrint v1.1 except for oviDNa2, oviEN and IALT1-IALT5 clusters which are described here.

aDN (541347811, 604070433), oviDNa (550655668), and ovilN (485934965) were identified previously and are annotated on neu-
Print. We have compared their morphologies with our light microscopic images in case of aDN, and driver line stacks published pre-
viously®® and hosted on FlyLight (http://splitgal4.janelia.org/cgi-bin/splitgal4.cgi) for the neurons described below.

To identify oviEN and oviDNa2 neurons, we assessed connectivity data of oviDNa, ovilN and aDN to identify SMP550 (452689494)
as not only the strongest input to aDN, but also to oviDNa. SMP550 is also the only strongly connected upstream neuron matching the
morphology of the oviEN neurons®® as seen in stable split lines 49443 and 65426 (http://splitgal4.janelia.org/cgi-bin/splitgal4.cgi).

oviDNa and SLP410 (450971893) are downstream neurons of aDN which are morphologically similar. Their morphology matches
neurons labeled by SS46540 and SS35666 published in Wang et al.*® as suggested by neuronbridge (https://neuronbridge.janelia.
org). Since Wang et al.>® suggested 2 oviDNa neurons per hemisphere, we propose that they correspond to the neurons named
oviDNa and SLP410 in the hemibrain dataset. SMP550/0oviEN are also strong inputs to SLP410/oviDNa2, further corroborating
this claim.

The newly identified clusters of VNC ascending neurons projecting through the IALT tract, clusters IALT1-5, are based on clustering
of morphological features.

Anatomical and connectivity data of neurons obtained from neuPrint has been used to identify PNs and LH associated neurons
following published criteria®®’>"*, In brief: LH associated neurons have dendritic projections inside the LH and receive olfactory PN input.
They also have outputs outside the LH. Projection neurons convey information from sensory processing neuropils to the protocerebrum.
They are putatively olfactory when they receive inputs in the antennal lobe. Projection neurons of other, potentially thermo-/hygro-, mo-
dalities, ascend from the SEZ which is not present in the hemibrain dataset and have been classified according to Marin et al.**

Calcium imaging

In vivo calcium imaging of flies expressing GCaMP6f was performed at 5.92 frames per second, 256 X 256 pixels resolution, using a
Two-Photon microscope (Scientifica) controlled by Scanlmage 3.8 software.”® Fluorescence was excited by a Ti-Sapphire laser
(Chameleon Ultra Il, Coherent) at ~140 fs pulses, 80 MHz repetition rate, centered on 910 nm. Male and female flies were kept sepa-
rately from eclosion. All flies except those used as non-retinal controls were aged on food containing 1mM all-trans-retinal. Mated
females were generated by mating virgin females with Canton S males 24-48h before the imaging experiment. 3 to 8-day-old adult
virgin male, virgin female and mated female flies were anaesthetized on ice and mounted in a custom 3D-printed recording chamber
using dental wax. The head capsule was opened using fine forceps and the brain was bathed in carbogenated (95% O,, 5% CO,)
haemolymph-like solution containing 103mM NaCl, 3mM KCI, 5mM TES, 26mM NaHCO3;, Tmm NaH,PQO,4, 1.5mM CaCl,, 4mM
MgCl,, 10mM trehalose, 10mM glucose?®. For the experiments in Figures 3H, 31, S2E, and S2F, the recording solution additionally
contained 50 uM CGP54626 (Sigma Aldrich) and 150-300 uM Picrotoxin (Sigma Aldrich). Optogenetic stimulation was delivered by a
red LED (Multicomp OSW-6338, 630 nm) with a stimulation frequency of 40 Hz and individual pulse duration of 10 ms unless stated
otherwise. Images were corrected for X and Y movement using image stabilizer in Fiji (http://www.cs.cmu.edu/~kangli/code/
Image_Stabilizer.html). All experiments that showed substantial movement in Z were discarded. Regions of interest (ROI) were
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selected manually. Subsequent analysis was carried out using custom scripts in MATLAB and python. To obtain average AF/F traces,
average fluorescence in the ROl was measured against the average baseline fluorescence from 10 s to 200 ms before the onset of the
optogenetic stimulation. Experiments were aligned to the optogenetic stimulus. Four optogenetic stimuli were delivered per fly at an
inter-stimulus interval of 20 s, and within-fly averages were subsequently averaged across flies. Within-fly averages were used for
subsequent statistical analysis and n is reported as the number of flies. Area under the curve (AUC) was calculated as the integral
of the AF/F traces from the beginning until 1 s after the end of the optogenetic stimulus with a baseline of 1 s before the stimulus.

Courtship assays

Individual virgin males were collected and aged for 5-7 days post-eclosion while virgin females were aged for 3-5 days post-eclosion
at 25°C in groups of 3-5 flies. Courtship assays were carried out at 25°C where individual females were introduced into one side of a
round courtship chamber with a retractable divider in the middle (20 mm diameter x 2 mm height) with an individual naive male on the
other side. The arenas were constructed out of custom cut acrylic (https://southernacrylics.co.uk/) with 20 chambers per plate and an
arrangement of 4x5 chambers. Chamber plates were mounted in a custom 3D printed support and were backlight with the FLFL-
Si200-IR24 infrared backlight (http://www.falcon-illumination.com/productdetail_FLFL.php). Videos were recorded using the Basler
ace A2440-75um camera (cat# 35927) with a 35mm VIS-NIR fixed focal length lens (cat# 67716) and a UV/VIS cut-off filter (cat#
89834) from Edmund Optics (https://www.edmundoptics.co.uk/). The uncompressed AVI videos were recorded at a resolution of
2400x1600 pixels, 8-bit grayscale, 25 frames per second, for 1 hour using LabVIEW software (https://www.ni.com/en-gb/shop/
labview.html).

Automated behavior tracking

Uncompressed AVI video files were converted to uFMF video files using ‘any2ufmf software (http://ctrax.sourceforge.net/any2ufmf.
html). The pFMF video files were tracked with Caltech FlyTracker (http://www.vision.caltech.edu/Tools/FlyTracker/)®® with the
following settings: num_chunks = 1, num_cores = 1, max_minutes = 15, save_JAABA = 1. Courtship behaviors were annotated using
the Janelia Automatic Animal Behavior Annotator, JAABA (http://jaaba.sourceforge.net/)’°. Classifiers were trained for the following
behaviors:

® ‘Approaching’ — focal fly was approaching the other fly (TP = 96.8%, FN = 3.2%, TN = 98.5%, FP = 1.5%, nP = 2715,
nN = 16169).

® ‘Facing’ - the focal flies head was oriented toward the other fly, while not being on the opposite side of the chamber
(TP =100.0%, FN = 0.0%, TN = 95.2%, FP = 4.8%, nP = 4490, nN = 7937).

® ‘Contact’ - the leg, proboscis, or head of the focal fly contacted any part the other fly (TP = 93.9%, FN = 6.1%, TN = 98.1%,
FP =1.9%, nP = 2684, nN = 10789).

o ‘Circling’ — the focal fly walked sideways while facing and being close to the other fly (TP = 71.6%, FN = 28.4%, TN = 98.5%,
FP = 1.5%, nP = 638, nN = 9746).

® ‘Turning’ - the focal fly turned their body to orient toward the other fly while not moving forward (TP = 89.6%, FN = 10.4%,
TN = 96.6%, FP = 3.4%, nP = 414, nN = 1540).

o ‘Wing extension’ —the focal fly extended a wing beyond their body (TP = 98.3%, FN =1.7%, TN =98.6%, FP = 1.4%, nP = 1575,
nN = 10926).

(TP - true positive, FN — false negative, TN — true negative, FN — false negative, nP — number of annotated positive frames, nN —
number of annotated negative frames).
Classifiers were applied to the tracking data using the ‘JAABADetect’ function.

Female fertility

% Fertility is the proportion of females that produce viable progeny. Females tested for fertility were collected at eclosion, stored in
groups of 3-5 and aged for 5 days. They were then introduced individually into food vials containing three wild-type virgin males aged
5-7 days. All vials were scored for presence of larval progeny after 10 days. Vials containing a dead female were discounted.

Female egg-laying preference assay

Pheromone extraction

Pheromones were extracted from the cuticle of five-day old male Canton-S flies with n-hexane (Fisher Scientific). The flies were
collected under CO, anesthesia on the day of eclosion and left to mature in groups of 10-15 in 25 mm x 95 mm rearing vials. Prior
to the extraction the flies were anesthetized on ice and transferred into 2 mL glass screw cap vials. 12 puL of n-hexane was added to
the vial per fly and the vial was vortexed for 3 min after which the supernatant was carefully transferred into a clean vial. Due to minor
evaporation and absorption of the hexane by the fly bodies, the remaining supernatant contained approximately 10 uL of hexane
extract per fly, which was the dose used to represent a single fly in the behavioral experiments.

Oviposition experiments

The flies were collected on the day of eclosion and left to mature for five days before mating them in groups of 10 males with
10 females in rearing vials for approximately four hours. All genotypes were mated to Canton-S males. After mating all females
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were kept on a 3% bacteriological agar substrate overnight (Fisher Scientific) with a small amount of yeast extract paste (Fisher Sci-
entific), to provide food and moisture to enhance oviposition. On the day of the experiment the females were individually transferred
into oviposition assays (57 X 38 x 17 mm) containing a 3% agar middle zone unsuitable for oviposition and two oviposition zones of
0.75% agar containing 100 mM of sucrose (Sigma-Aldrich) on either end of the assay. The oviposition zones enclosed a 3 mm filter
disc (Chromatography paper, Whatman) containing either the odor treatment or the solvent as control. To prevent odor saturation,
the assays were covered with Parafilm (Sigma-Aldrich) that was punctured several times with a fine needle above the oviposition
zones. After 24 hours the number of eggs laid per oviposition zone was counted under a stereomicroscope, and the oviposition
indices were calculated as follows: (Eggs side A - Eggs side B) / (Eggs side A + Eggs side B).

QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of courtship data

Analysis of courtship data was conducted in R (https://www.r-project.org/). Unless otherwise stated, all functions are from either
‘base’ R or the ‘stats’ package. Data wrangling and plotting were conducted using the ‘tidyverse’ set of packages’®, including ‘readr’,
‘dplyr’, ‘ggplot2’. Time to copulation was assessed by manual inspection of the videos. Tracking data was sub-sectioned to remove
frames for which the flies were copulating. Courtship initiation was defined as exhibiting any combination of the courtship (JAABA)
behaviors (excluding facing) for a total of 3 s over a 6 s window. For all subsequent analyses all frames before courtship initiation were
removed. Courtship index is the percentage of time males exhibit any courtship (JAABA) behavior. Similarly, individual courtship
(JAABA) behavior indices are defined as the percent of time exhibiting that behavior. Cumulative copulation was analyzed using
the Kaplan-Meier method with the ‘survfit’ function form the ‘survival’ package’’ and plotted with the ‘ggsurvplot’ function from
the ‘survminer’ package’®. Statistical significances were assessed with a log-rank test using the ‘survdiff function from ‘survival’,
and the ‘pairwise_survdiff’ function from ‘survminer’ for pairwise differences.

Probability density function plots were generated by taking the mean of individual density curves (generated with the ‘density’ func-
tion with default parameters) per genotype of the ‘facing_angle’ and ‘dist_to_other’ features generated by the FlyTracker software.
Facing angle (‘facing_angle’) is defined as the angle between the line bisecting the focal fly in the direction in which it is facing (see
inset in Figure 4E), and the line between the centroids of the two flies. Distance to the other fly (‘dist_to_other’) is the distance between
the centroids of the two flies. Statistical differences were assessed using the 2-sided Kolmogorov-Smirnov test’® using the ‘ks.test’
function with default parameters.

Bilateral wing extension was defined as both wings being extended at an angle greater than 15° (‘min_wing_ang’ > 0.26 radians).
This value was chosen as 97.5% of individuals had a mean lesser wing angle of less than 15° (Figure S4K). Bilateral bout length and
the number of bouts were determined using the ‘rle’ package. Unilateral wing extension was defined as one wing extended more than
35° (‘max_wing_ang’ > 0.61 radians) while the other was extended less than 15° (‘min_wing_ang’ < 0.26 radians).

Ipsilateral wing extension was defined as having a left wing angle of greater than 35° (‘wing_I_ang’ > 0.61 radians) while the female
was located to the left of the male’s body axis, or right wing angle of greater than 35° (‘wing_r_ang’ > 0.61 radians) while the female
was to the right of the male’s body axis. Vice versa for contralateral wing extension. Wing choice index was defined as the amount of
time the ipsilateral wing was extended, minus the amount of time the contralateral wing was extended, all divided by the sum of time
either wing was extended?®.

Statistical significance for Figures 4A, 4B, 4G-4K, and S4A-S4J were assessed with one-way ANOVAs conducted using the ‘aov’
function, followed by post hoc 2-sided t tests (‘t.test’ function). All statistical values (for ANOVAs, t tests, and other mentioned sta-
tistical tests) were adjusted for multiple testing (for each behavior component) and multiple comparison (for each genotype) using the
Holm-Bonferroni method (‘p.adjust’ function with method = “holm”).

Statistical analysis of oviposition

The oviposition indices were first analyzed for a preference to the pheromone extract over the control treatment using a two-tailed
Wilcoxon Signed Rank tests with the null hypothesis assuming no preference to either of the treatments (mu = 0). Afterward, the pref-
erences to the pheromone extracts were compared across genotypes using a generalized linear model (GLM) with a quasibinomial
error distribution. In order to use the quasibinimioal error distribution the data was analyzed using a ‘cbind’ including the number of
eggs laid on the side with the pheromone extract and the number of eggs laid on the side with the control treatment, generating values
between 0 (preference for control treatment) and 1 (preference for odour treatment). Afterward, a GLM with a negative binomial error
distribution was run to test for differences among genotypes for the total number of eggs laid. The model assumptions were checked
by estimation of overdispersion and inspections of model residuals. All analyses were carried out in R (v. 3.6.1). The GLMs were per-
formed using Ime4 and car®®®" for model comparison based on %2 likelihood ratios®” and the data was visualized using ggplot2.”®

Statistical analysis of calcium imaging data

AF/F are reported as mean and SE. Statistical significance was tested by the Kruskal-Wallis test, followed by pairwise comparisons
with the Mann-Whitney-U test using the scipy and statsmodels packages in python and significance levels were adjusted for multiple
comparisons using the Holm-Bonferroni method. Significance levels are reported as follows: p > 0.01:ns, p<0.01: -, p< 0.05: %, p<
0.01: ™, p < 0.001: ™.
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Figure S1: Comprehensive single cluster-level mapping of dsx-expressing neurons in the
male VNC. Related to Figure 1.

(A) A schematic drawing representing dsx expression pattern in the VNC. Male neurons are
shown in the thoracic neuromeres on the left, the absence of female neurons is shown on the
right. Neuronal differences between the sexes are not distinguished in the abdominal
neuromere. (B) Male single neuroblast clones generated by dsx®@“-driven MARCM. Cell body

positions are indicated by yellow circles. Scale bars, 50 pm.



V7029314

Co-registered

GRASP
Gal4 control

GRASP
LexA control

Lobula
AOTu |
D
L Lobula
‘/'
4 Hz 10 Hz 20 Hz 40 Hz 80 Hz 20%
AF/F g0'5 dendritic
axonal - 4 J g axonal
- - - - - 0
LEDon 10s 0 40 80
fi
dendritic —— b @ —0—o  —— — reauency (1)
8ms 10 ms 12 ms 20 ms 20%
axonal S AF/F
LEDon™" - - - [3) 05 dendritic
10s 3 0 axonal
0 10 20
dendritic_.t—»m — e —— pulse length (ms)
I - Retinal J - Retinal &
-PTX 150 uM PTX 300 uM PTX
axonal dendritic
ns ns
axonal M’\JJ“/"M ANt 20% 008
. R b B
10s 0 - - 4
150 uM 300 uM 150 uM 300 uM

dendritic s

s sl

PTX PTX PTX PTX PTX PTX



Figure S2: Connectivity between LC10a and aDN is male-specific. Related to Figure 3.

(A) LC10 neurons labeled by VT029374-LexA (green) and OL0019B split-Gal4 (magenta) are
co-registered (right). Scale bar, 50 ym. (B and C) Genetic controls for the GRASP experiment
either without LexA (B) or Gal4 (C) driver. Scale bars, 30 um. (D) Positions of LC10 (green)
axon terminals and aDN (magenta) dendritic fields in females are analyzed using the EM-level
connectomics database neuPrint. Anterior (left) and dorsal (right) views are shown. Two neuropil
regions, lobula and AOTu, which are innervated by LC10 dendrites and axons, respectively, are
indicated in gray. (E) Mean (dark gray line) and standard error (SE; light gray shaded area) of
AF/F in aDN axonal (top) and dendritic (bottom) compartments in response to a 5 s (40 Hz, 10
ms pulses) optogenetic stimulation of LC10a neurons (pink bar) in control males not fed on all-
trans-retinal; Left: without picrotoxin (- PTX) and CGP54626 (n = 13 male); Middle: 150 uM
picrotoxin and 50 uM CGP54626 (n = 8 male flies); Right: 300 uM picrotoxin and 50 uM
CGP54626 (n = 10 and 8 male flies in axonal and dendritic compartments, respectively); (F)
Mean and SE of the area under the AF/F curve (AUC) from beginning until 1s after the end of
the stimulus for experiments in (E). (G) Mean and SE of AF/F traces in aDN axonal (top traces)
and dendritic (bottom traces) compartments in response to different frequencies (4-80 Hz, 10
ms pulses) of a 5 s optogenetic activation of LC10a neurons in 9-28 males for each frequency.
(H) AUC vs. frequency for data in (G) in axonal (light gray circles) and dendritic (dark gray
circles) compartments. (I) Mean AF/F traces in aDN axonal (top traces) and dendritic (bottom
traces) compartments in response to different pulse lengths (8-20 ms, 40 Hz pulses) ofa 5 s
optogenetic activation of LC10a neurons in 5-28 males for each pulse length. (J) AUC vs. pulse
length for data in (). ns — p.adj>0.05 by Mann-Whitney-U test adjusted for multiple comparisons
with the Holm method.
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Figure S3: Silencing male aDN alters visually guided courtship behavior. Related to

Figure 4.

(A) Spatially restricted expression in aDN cluster. dsxNVGlutNOtd expression patterns shown
using dsx¢a4bBED/\/GlytdVP16.AD/Otd-FLP > UAS>stop>mCD8::GFP in the male (green) and female
(magenta) brains and VNCs. Scale bar, 50 ym. (B-L) Schematic representations of the
behaviors are inset. (B-F) Individual indices of each component of courtship behavior for which
a JAABA classifier was trained. The reported p.adj are p values adjusted (Holm method) for
comparison of multiple behaviors. (B) Approaching index. (F,114) = 26.2, p.adj <0.0001 ). (C)
Facing index (F(3,114) = 23.7, p.adj <0.0001 ). (D) Contact index (F3,114)= 6.91, p.adj = 0.008). (E)
Circling index (F3,114)= 4.11, p.adj = 0.16). (F) Turning index (F3,114)= 6.61, p.adj = 0.011). (G)
Wing extension index. (F3,114) = 3.87, p = 0.012, p.adj = 0.19). (H) Percent of time when the
female was not in front of the male while the males wing was extended. (F3,114) = 28.6, p.adj
<0.0001 ). (1) Unilateral wing index. (F3,114) = 3.40, p.adj = 0.32). (J) Wing choice index. (F3,114) =
4.41, p.adj = 0.11). (K) Bilateral wing bout length. (F3,114)= 0.619, p.adj = 1.0). (L) Mean lesser
wing angle. (M) Courtship Index (%) in the dark. (F,123)= 3.143, p.adj = 0.17). (N) Copulation
(%) over a 60-minute time period in the dark. (Fisher’s exact test, p.adj = 1.00). (O) Mean facing
angle in the dark. (F1,123) = 0.173, p.adj = 1.00). (P) Mean distance to other in the dark. (F1,123) =
0.84, p.adj = 1.00). (Q) Minimum distance to other in the dark. (F(1,123y= 0.453, p.adj = 1.00). (R)
Percentage of time when the female was not in front of the male while the male’s wing was
extended in the dark. (F1,123y= 0.536, p.adj = 1.00) Full genotypes: A=Otd-FLP/+; dsx®a4DBD/+
(Night=31, Ngarc=21), B=VGIut?VP16AD UAS>stop>TNT/+ (niight =20, Ngarc=43), C=VGlutd"F16AD,
UAS>stop>TNT/+; dsxCa4DBD/+ (njgn=34, Ngark=35), D=V GIut?"P16A0 UAS>stop>TNT/Otd-FLP;
dsx©a4DBD/+ (njigh =33, Ngan=29). "p.adj<0.1, *p.adj<0.05, **p.adj<0.01, ***p.adj<0.001,
****n.adj<0.0001 by t-test (B-R) and adjusted with the Holm method. ns — p.adj>0.1.
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Figure S4: fru-expressing AL5a is an additional downstream cluster of LC10a. Related to

Figure 5.

(A) The female LC10a (magenta) and AL5a (green) co-registered on to the template brain.
Scale bar, 30 um. (B,C) Expression patterns of GMR22D04-Gal4Nfru™" in the male (green) and
female (magenta) brains. Solid filled (B) and dashed open (C) arrowheads indicate the
presence and absence, respectively, of male-specific longitudinal neurite branches. Scale bars,
50 um. (D) GRASP signals between LC10a and AL5a in the female (magenta). Scale bar, 30
um. (E) Left: Maximum projection of a confocal stack of mCD8::GFP-labeled AL5a in a male.
Recording region in the AOTu for calcium imaging is indicated by a gray box. Right: Example
fluorescence recordings from the input sites of AL5a neurons in the AOTu expressing
GCaMPé6f in males and females before (left panel) and during (right panel) a 5 s (40 Hz, 10 ms)
optogenetic stimulation of LC10a neurons expressing CsChrimson. Left (+ Retinal) Right (-
Retinal). (F) Mean (dark gray) and SE (light gray shaded area) of AF/F traces in AL5a neuron
input sites in response to a 1 s (top) and 200 ms (bottom) optogenetic activation (pink bar, 40
Hz, 10 ms pulses) of LC10a neurons; Averages of 4 pulses each in retinal fed (+Retinal, left)
female (left, n=7) and male (right, n=11) flies and in non-retinal control (-Retinal, right) female
(left, n=8) and male (right, n=7) flies. (G) Mean and SE of AUC for experiments in (F); Top: 1s
optogenetic stimulation; Bottom: 200 ms optogenetic stimulation. (H) Mean AF/F traces in AL5a
neurons in response to different frequencies (10 - 80 Hz, 10 ms pulses) of a 5 s (top) and 200
ms (bottom) optogenetic activation of LC10a in n = 11-13 males for each frequency. (I) Mean
and SE of AUC for experiments in (H) for 5 s (dark gray circles) and 200 ms (light gray circles)
optogenetic stimulation of LC10a. (J) Mean AF/F traces in AL5a neurons in response to different
pulse lengths (8 - 20 ms, 40 Hz pulses) of a 5 s (top) and 200 ms (bottom) optogenetic
activation of LC10a in 10 -13 males for each pulse length. (K) Mean and SE of AUC for
experiments in (J) for 5 s (dark gray circles) and 200 ms (light gray circles) optogenetic
stimulation of LC10a. ns — p.adj>0.05, *p.adj<0.05, **p.adj<0.01, ***p.adj<0.001,
****p.adj<0.0001 by Mann-Whitney-U test adjusted for multiple comparisons with the Holm

method.
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Figure S5: Female aDN connectivity. Related to Figure 6.

(A and B) Heatmaps representing number of synaptic connections to both aDN combined input
(A) and output (B) by neuronal types. Neurons labeled in bold are contralateral, all others are
ipsilateral. Color scales represent the number of synapses. (C and D) 3D reconstructions of
volumetric EM data of aDN (2 neurons, grey) and projection neurons in the right-brain
hemisphere. (C) The multiglomerular multimodal projection neurons VP5+Z aPN (bodyid:
5813063239) and M IVPNm41 (bodyids: 730252777, 1765415970, 1795410644) are shown as
well as the uncharacterized non-olfactory projection neurons SLP236 (bodyid: 420274150) and
SLP235 (5813056890). Inputs into the aDN are shown in blue. The antennal lobe (AL) is shown.
(D) The IALT-tract neurons classes IALT1 (bodyid: 888500672) and IALT2 (bodyid: 5901195362)

are shown.
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Figure S6: Female aDNs are not involved in virgin female behavior. Related to Figure 7.

(A) 3D reconstructions of volumetric EM data from aDN (2 neurons, grey) and the contra- and
ipsilateral downstream neurons SMP156 (bodyids: 5813022337, 673776769). The inferior
bridge (IB) and the SMP for both hemispheres are shown as well. Synapses from aDN to
SMP156 are shown in red. (B) Circuit diagram shows aDN and oviEN inputs to SMP156 that
projects to the IB. (C-E) Silenced female aDN behaviors (ns — p.adj>0.05). (C) Control male
courtship indices toward female. (F,131)= 1.1, p = 0.49, p.adj = 1). (D) Cumulative proportional
copulation (% = 95% confidence intervals) over a 60-minute time period. (x?@3) = 5.5, p = 0.14,

p.adj = 1). (E) Individual female fertility over a 1-week period. (Fisher’'s Exact Test, p = 1).



Male Female

Mean £ SEM (n) Mean £ SEM (n)
pC1 48 + 3.1 (10) 6+0.3(8)
pC2m 31 (1) NA
pC2l 44 +2.4 (10) 13+£0.5(7)
pCd-1 15 (2) 8+x1.1(2)
pCd-2 3 (10) 3 (10)
pMN1 NA NA
pMN2 NA 1(10)
pMN3 1(10) NA
pLN 1(10) NA
aDN 2 (10) 2 (10)
SN 1(10) NA
TN1 24 + 0.8 (6) NA
Pr1 1(3) NA
Pr2 1(1) NA
Ms1 1(1) NA
Mt1 1(1) NA
Mt2 1(1) NA
Mt3 1(1) NA
Mt4 1(1) NA
Ab1 1(1) NA

Table S1. Numbers of cells in dsx* single clusters. Related to Figure 1.



Figure

Full genotype

1C-1E, S1B

y, w, hs-flp(22); FRTG13, UAS-mCD8::GFP/FRTG13, tubP-Gal80; dsx®*/UAS-
mCD8::GFP

1C, 2A-2C, 2E-2G,
3B

10xUAS-IVS-mCD8::GFP/VGlutdVP16.AD; ¢sxGal4.DBD/+

1D 10xUAS-IVS-mCD8::GFP/+; dsx®a4PBD/Trh-p65.AD
21-2K UAS-DenMark/VGlutdVP16.AD- qgxGal4.DED/1
2L-2N UAS-Syb::GFP/VGIut?VP16.AD; disxGal4.DED/4

3A-3B, 5B-5C, S2A,
S4A

R35D04-p65.AD/10xUAS-IVS-mCD8::GFP; R22D06-Gal4.DBD/+

3D-3G VGIutdVP16AD/\/T029314-LexA; dsxC@4DPBD/UAS-CD4::spGFP1-10, lexAop-
CD4::spGFP11
3H-3l, S2E-S2J lexAop-CsChrimson::tdTomato, UAS-GCaMP6f/+; VGIut?VP16AD/\/T029314-LexA;

dsxGal4.DBD /.y

4, 7TE-7G, S3B-S3R,
S6C-S6E

Otd-FLP/+; dsxCa4.DED/+

4, 7TE-7G, S3B-S3R,
S6C-S6E

VGIutdVP16AD JAS>stop>TNT/+

4, TE-7G, S3B-S3R,
S6C-S6E

VGIutdVP16AD  JAS>stop>TNT/+; dsxCal4DBD/+

4, 7TE-7G, S3B-S3R,
S6C-S6E

VGlut?VP16AD JAS>stop>TNT/Otd-FLP; dsxCa4DBD/+

5A-5C y, hs-filp; FRTG13, UAS-mCD8::GFP/FRTG13, tubP-Gal80; fruNP?'/UAS-mCD8::GFP
5D-5E, S4A UAS-DenMark/+; GMR22D04-Gal4/+
5F, 84D VT029314-LexA/+; GMR22D04-Gal4/UAS-CD4::spGFP1-10, lexAop-CD4::spGFP11

5G-5H, S4E-S4K

lexAop-CsChrimson::tdTomato, UAS-GCaMP61/+;VT029314-LexA/+; GMR22D04-
Gal4/+

6F-6G lexAop-CsChrimson::tdTomato, UAS-GCaMP6f/+; VGlut?VP16AD/GH146-LexA;
dsxGal4.DBD /4

6H-61 lexAop-CsChrimson::tdTomato, UAS-GCaMPG6f/+; VGlut?VP16.-AD/+ dsxCal4-DBD/Orco-
LexA::VP16

S2A VT029314-LexA/13xlexAop2-IVS-myr::GFP

S2B VGlutdVP16.AD/+. sxCal4-DBD/JAS-CD4-spGFP1-10, lexAop-CD4-spGFP11

S2C VT029314-LexA/+; UAS-CD4-spGFP1-10, lexAop-CD4-spGFP11/+

S3A VGlutdVP16AD/Otd-FLP; dsx®aPBD/UJAS>stop>mCD8::GFP

S4B-S4C UAS>stop>mCD8::GFP/+; GMR22D04-Gal4/fru™-P

Table S3. Full genotype list. Related to Figures 1-7 and Figures S1-S4, S6.
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