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Many animals produce multimodal displays that combine acoustic, visual, or
vibratory signals, yet the neural mechanisms coordinating these behaviors
remain unclear. Using Drosophila courtship as a model, we reveal how a single
neural circuit integrates sensory cues and motivational state to orchestrate
multimodal signaling. Male flies produce both air-borne song and substrate-
borne vibrations during courtship, but in distinct, largely non-overlapping
contexts. We demonstrate that the same brain neurons that drive song also
control vibrations through separate pre-motor pathways, with cell-type spe-
cific dynamics. This shared circuit coordinates multimodal displays with
locomotion, ensuring vibrations are produced only when they can effectively
reach the female. The circuit employs shared motifs—recurrence and mutual
inhibition—that enable dynamic control of multimodal signals by external cues
and internal state. A computational model confirms that these motifs are
sufficient to explain the observed behavioral dynamics. Our findings illustrate
how simple neural circuit elements can be combined to select and coordinate

complex multimodal behaviors.

Social communication is inherently multimodal. During conversations,
we are not mere loudspeakers that emit speech but coordinate our
words with dynamical facial expressions and other body gestures.
Gestures produced in congruence with speech rhythms can improve
comprehension'? whereas reducing multimodality, as in phone calls,
can impair it**. Multimodal communication is not unique to humans*®
but also prevalent in other animals. For instance, monkeys’, birds®,
frogs’, or grasshoppers® combine acoustic signals with visual
displays”''?, while many insects combine sound with substrate-borne
vibrations"®, Effective multimodal communication requires the pro-
duction of the appropriate sequence or combination of signals con-
tingent upon the context, for example, coordinating movements with
a dance partner'®%,

Due to the multifaceted nature of multimodal signaling, the
underlying brain circuits have mainly been studied by isolating single
components of this behavior’? 2, but their contribution to the coor-
dination of multimodal signals is not well understood. Moreover, the

mechanisms by which these circuits integrate external cues for
context-appropriate signaling”*® and coordinate signaling with
ongoing behaviors such as respiration and locomotion transmission
are poorly understood®*°. At one extreme, parallel circuits could
independently integrate the specific external cues required to trigger
different behaviors®. Alternatively, a single integrated circuit could
trigger multiple behaviors and signal coordination arises from the
interaction between external sensory inputs, internal motivational
state, and circuit dynamics® .

Here, we address the issue of multimodal signaling in Drosophila
melanogaster. During courtship, male flies chase females while pro-
ducing both air-borne song and substrate-borne vibration***. Song is
produced by extending and fluttering one wing, resulting in two dis-
tinct modes: a sine song characterized by sustained sinusoidal oscil-
lations with a frequency around 150 Hz, and a pulse song consisting of
trains of short pulses with two distinct shapes, produced at a regular
interval of around 40 ms®. Substrate-borne vibrations are associated
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with abdominal quivering and are pulsatile like the pulse song, but with
a longer interval of 150-200 ms®. Both song and vibration influence
female mating behaviors and can therefore be considered signals®. In
receptive females, song elicits acceptance behaviors such as slowing
and vaginal plate opening®**®. Conversely, unreceptive females display
rejection behaviors in response to song, including acceleration and
ovipositor extrusion?~’. Although the evidence for vibrations is less
conclusive and requires further investigation, several studies indicate
that vibrations also elicit female acceptance behaviors, including
slowing and copulation®*°, suggesting that vibration similarly func-
tions as a signal.

Despite evidence that both signals affect female behavior, how
the male brain coordinates air-borne song and substrate-borne
vibration remains unknown. In the Drosophila brain, sexual behaviors
are controlled by sexually dimorphic neurons that express the tran-
scription factors fruitless or doublesex’****. The neural circuitry
underlying courtship song production is well understood, with cen-
tral neuron types Pla and pC2l integrating social cues—chemical,
visual, acoustic—to drive persistent courtship and singing?*****4¢ jn
the ventral nerve chord (VNC) via at least two descending neurons
(DNs), pIP10* and pMP2*. The choice between the two song modes
is driven by the relative activity of these DNs and by circuit dynamics
in the VNC**,

In contrast, the behavioral contexts and neural circuits that drive
vibration in Drosophila males are unknown. It is unclear to what extent
song and vibration are produced simultaneously or sequentially since
recordings of both signals with sufficient temporal resolution in
naturally interacting animals are lacking. Because vibrations are asso-
ciated with abdominal quivering rather than wing movements like the
song®™*’ they are likely generated by a separate motor program.

Results

Simultaneous recordings of song and vibration during courtship
in Drosophila

To assess the coordination of song and vibration, we designed a
behavioral chamber that can reliably record song and vibration
simultaneously (Fig. 1A-C, S1C, modified from?*°). Microphones tiling
the behavioral setup floor were covered by a thin paper serving as a
substrate for the flies to walk on and for transmitting both signal types.
We discriminated song and vibration pulses based on their interval
differences, whereby song pulses arrive at intervals between 30 and
45ms, and inter-vibration intervals (IVIs) are much longer and range
between 140 and 180 ms (Fig. 1D). Using laser vibrometry, we observed
IVIs matching previous readouts of vibrations”, (Fig.S1A, B). By
recording high-resolution video of courtship in a smaller chamber and
analyzing the movement of the abdomen during vibrations using
SLEAP pose tracking®”, (Fig.SID, E) we confirmed that the vibration
pulses are associated with the previously reported abdominal
quivering®.

Male ies dynamically switch between song and vibration dur-
ing courtship
With access to song and vibration produced by the male during
courtship, we next characterized the coordination between these two
signals. During courtship, males vibrated twice as much compared to
singing, and the vibration bouts were longer than song bouts (Fig. 1F,
G). Song is produced using uni-lateral wing extensions, while vibra-
tions do not require the wings (Fig.1E, S1G, H). Although 19% of
vibrations occurred while the wing was extended, males rarely sang
and vibrated at the same time (1%) (Fig. 1H, SIF), indicating that the
male is physically able to simultaneously sing and vibrate but chooses
not to overlap both signals.

The male switched dynamically and non-randomly between sine,
pulse and vibrations (Fig. 1I). Transitions between the song modes
(sine, pulse) were more frequent (26% of all transitions) than

transitions between song and vibration (only 7% of all transitions).
Moreover, while pulse and sine were sequenced into bouts with no or
very short pauses, vibrations were separated from song by a pause of
around 1s (Fig. S2). This temporal coordination of song and vibration
suggests that these two signals are produced in distinct behavioral
contexts. To identify these contexts, we next linked recordings of song
and vibration with video tracking of the courtship interactions using
computational modeling.

Locomotion and distance of the female y determine

signal choice

The choice between sine and pulse song is based on male locomotor
state and female behavior”**** and our analyses of the transitions
between song and vibration suggest that this might also be true for
vibrations (Fig. 1I). To identify the cues that inform the male’s choice
between song and vibration, we employed generalized linear models
(GLMs) using the dynamics of social cues extracted from the male and
female tracking data to predict the male’s choice between song,
vibration, or no signal (Fig. 2A, B).

A model fitted using all 19 cues predicted the male’s choice to
vibrate with only few confusions (83% correct), demonstrating that
vibrations, just like song, are produced not randomly but in a context-
dependent manner (Fig. 2C). Most errors were false positives (pre-
dicted song or vibration during “no signal"), implying that additional
factors, such as stochasticity or internal states, further contribute to
the male’s signal choice™. To assess the contribution of individual cues
to the signal choice, we fitted individual models for each cue
(Fig. 2D-F, S3A, B) and found that models fitted with male or female
locomotor cues predicted vibrations best, with 83-92% accuracy, while
relative cues like distance and orientation were less predictive (<50%).
In contrast, song was predicted best by the relative cues distance and
orientation (71%), less well by male cues (38-49%), and poorly by
female cues (12-18%). These findings indicate that male and female
locomotion, rather than their distance or angle, are the strongest
determinants of vibrations.

We then determined how the cues influence signal choice by
examining the integral of each cue’s filter. If the sign of the integral is
positive, then high cue values (e.g., large distances) promote the sig-
nal; if the sign is negative, then the cue suppresses the signal. The
filters for the best male and female predictors—female velocity and
male lateral velocity—were positive for song and no signal but negative
for vibrations (Fig. 2G, H). This trend was consistent for all locomotion
filters (Fig. S3B), indicating that males tend to vibrate when they or the
female are slow or stationary, and they tend to sing when either the
male or female is moving (Fig. 2I, S3B-D). The observed association
between stationarity and male vibration production is not due to
limitations in our recording setup (Fig.SIE) and is consistent with
previous findings linking female immobility to increased male vibra-
tion behavior®.

The filter for distance, the cue most predictive of singing, was
negative for singing and positive for vibrations, indicating that
males vibrate when farther away from the female and sing when in
closer proximity (Fig. 2G-I, S3C-F). In addition, the distance filter for
song changed its sign from positive to negative, indicating that a
reduction in distance to the female drives singing (Fig. 2H). This is
consistent with singing frequently preceding copulation attempts,
during which a previously stationary male moves closer to the
female®. Distance is known to determine the choice between song
types”*, as well as the amplitude of song®. It also determined the
choice between song and vibration, indicating its centrality for
courtship signal choice. Interestingly, the context in which males
vibrate—slow and far from the female—was previously interpreted as a
disengaged state®”. Having access to vibrations during courtship, we
found that part of this "passive’ state is not idle, but that the male
actively signals to the female.
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Fig. 1| Drosophila males produce two multimodal signals—song and vibration—
during courtship. A Behavioral chamber with a male (blue) courting a female fly
(pink), tracked poses (dots) and walking trajectories (lines). Gray box marks one of
16 microphones embedded in the floor. B Audio trace (top) from one microphone
with sine song (blue), pulse song (orange), and vibrations (green) alongside
behavioral cues extracted from pose tracking: male’s left and right wing angle
(middle) as well as male and female velocity (bottom). C Waveforms (bottom) and
spectrograms (top) for sine song (blue), pulse song (orange), and vibrations
(green). D Distribution of intervals between song pulses (orange, N =27310) and
vibrations (green, N=16785). Dots on top show median values for each male.
Intervals between song pulses (35.5 +11.4 ms, median + interquartile range (IQR))
are much shorter than intervals between vibrations (160 + 41 ms). E Median angle of
the most extended wing during sine (58 + 9°, median + standard deviation), pulse
(48 £9°) and vibration (12 + 4°). Values close to 0° correspond to no wing

extension. Males rarely extend their wings during vibrations. F Probability of pro-
ducing sine (6 + 3%, mean + standard deviation), pulse (8 + 3%), vibration (24 + 10%),
and no signal (62 * 11%) during courtship. Males produce more vibrations than song
(sine+pulse, p=0.02). G Duration of sine songs (460 + 145 ms), pulse trains

(355 + 79 ms), song bouts (562 +129 ms), and vibration trains (2785 + 944). Vibra-
tion trains are longer than song bouts (p=5 10™*) H Overlap between vibrations
and sine song (0.012 + 0.017), pulse song (0.002 + 0.006) or wing extensions
(0.19 + 0.14). I Transitions between no signals (gray), vibration (green), pulse
(orange), and sine (blue). Line width is proportional to the probability of transi-
tioning from one signal (top) to another (bottom). Transitions between the song
modes (pulse and sine) are more frequent than between song and vibrations
(p=510"*).N=11males in D-I. All reported p-values from one-sided Wilcoxon tests.
Reported summary statistics correspond to mean + standard deviation (std.) unless
noted otherwise.

Stationarity is necessary and suf cient to drive vibrations

in males

The statistical models of male signal choice showed that stationarity
predicts vibrations (Fig. 2). However, it is possible that other behaviors
that females primarily perform when stationary (e.g., grooming) could
be the cause of vibrations. We therefore causally tested the role of
stationarity by manipulating locomotion during courtship. According
to the behavioral models, stopping the male or the female should
increase the probability of observing vibrations, while inducing loco-
motion should suppress vibrations (Fig. 2G-I). To not interfere with
the male’s signaling ability, we optogenetically manipulated female
walking behavior during courtship.

We first stopped the female by expressing GtACR1, an inhibitory
channelrhodopsin, in all motor neurons using the vGlut driver™.
Stopping the female increased vibrations by 30% (Fig. 3A, B). Con-
versely, inducing female walking by optogenetically activating the
DNp28 neurons™*° nearly abolished vibrations (Fig.3C, D). These
causal interventions therefore confirmed that stationarity is neces-
sary and sufficient for vibrations. Further, singing was best predicted
by male-female distance (Fig.2F), but distance changed only little

when stopping the female (Fig.S4B). Distance did increase when
inducing female locomotion, and this weakly suppressed singing
(Fig. S4C), demonstrating that controlling female locomotion only
weakly affected singing behavior (Fig.S4A-C), consistent with the
behavioral models (Fig.2E, F). In summary, locomotion controls
vibrations.

Although we genetically controlled female locomotion, the male
chases the female and his movement is tightly correlated to her
movement (Fig. 3A, C), in short, stopping the female during courtship
also stops the male. This correlation also explains why both male and
female locomotor cues predict vibrations (Fig. 2F, S3A). However, male
signal choice is more strongly determined by his own than by the
female’s stationarity (Fig.2D, S4D): Male velocity distributions are
clearly distinct when he sings versus vibrates, while female velocity
distributions overlap considerably during song or vibration. It is
therefore likely that the male’s locomotor state controls the choice
between song and vibration, and is not influenced by the female
movement. This co-regulation of locomotion and signaling likely
evolved because walking can interfere with the transmission and per-
ception of vibrations*’.
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were fitted to predict male signal choice using individual cues only. Dots corre-
spond to result from 10 model fits from independent train-test splits. E Confusion
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(female velocity, middle), and relative cue (distance, top). Shading and numbers
indicate the classification percentage (see color bar). F Signal-wise performance for
male (bottom), female (middle), and relative (top) cues. Male cues predict vibra-
tions very well and song moderately. Female cues only predict vibrations well, and
relative distance predicts song well. Thick colored lines correspond to the best cue
for each cue group shown in (E). Black lines show the performance of the multi-
feature model from (C). See also Fig. S3A. G Integral over the filters for each signal
for the cues shown in (E). Small male (bottom) and female velocity (middle) values
predict vibration. Small male-female distances (top) predict song. H Filter shapes of
the cues shown in (E). The distance filter for song changes its sign from positive to
negative, indicating that a reduction in distance drives song. I Cumulative density
functions (CDFs) for the cues shown in (E). Vibrations are produced at low velo-
cities (bottom, middle), and song is produced at smaller distances (top).

Central “song" neurons drive song and vibration with complex
dynamics

Having shown that locomotion regulates the switch to and from
vibration, we next asked how this switch is implemented in the fly
brain. While the neurons in the central brain that drive singing have
been identified*, cell types that drive vibration are unknown. To test
whether song and vibration are driven by distinct or overlapping
central circuits, we examined whether key neurons of the song path-
way also drive vibrations.

Several cell types that express the sex-determination genes dou-
blesex and fruitless**>*>° integrate social cues and drive singing in
males. We focused on two brain-local neurons and two descending
neurons that drive singing when activated. The pC2l neurons in the
central brain process auditory and visual cues and elicit robust singing
via a direct connection to the descending pIP10 neurons?333¢4447.6061
the Pla neurons®?**%*¢¢! process pheromones***** and likely receive
input from pC2l neurons®. Pla neurons induce a persistent arousal
state that can drive courtship and singing, or aggression®®, on two
timescales: on the order of up to ten seconds, via slowly decaying

activity in Pla itself®> and on the order of up to a minute via a recurrent
neural network downstream of P1a*. Pla neuron activation alone tends
to yield only a little song since it drives song indirectly, via a disin-
hibitory circuit motif*******, The decision to sing, encoded in the
activity of pC2l and Pla neurons, is relayed to premotor circuits in the
VNC via at least two descending neurons: pIP10 and pMP2><,
The pIP10 neurons receive inputs from the pC2l neurons, but the
central inputs to pMP2 or downstream targets of Pla are unknown.
Activation of all doublesex and fruitless neurons induces
vibrations®, but specific cell types—and hence circuits—that drive
vibrations were not known. We optogenetically activated P1a®*, pC2I*,
pIP10%, and pMP2* in solitary males with varying light intensities and
examined the time spent producing each of the communication sig-
nals—vibrations, pulse, sine—during and between activations (Fig. 4B).
The activation of the descending neurons pIP10 or pMP2 drove song
but no vibrations. However, the two central brain neurons, Pla and
pC2I, elicited both song and vibration. Among males with activated
pC2I neurons, 8 out of 25 vibrated, and all 35 males with activated Pla
neurons vibrated. This suggests that multimodal signal generation is
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cofactor required to make GtACR1 light sensitive. Lines connect data from the same
pair during the different epochs (vGlut-GtACR1 atr- N =11, atr+ N = 11). P-values from
a paired, one-sided Wilcoxon test of the hypothesis that the vibration probability
increases due to female slowing. C Optogenetic activation (gray) of DNp28 neurons
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in a female courted by a wild-type male accelerates the pair (top, male/female
velocity blue/pink) and suppresses male vibrations (bottom). Optogenetic stimulus
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during (circles) optogenetic activation of DNp28. Lines connect data from the same
pair during the different epochs (DNp28-Gal4+ N = 4, UAS-Chrimson+ N =5, DNp28-
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acceleration. Lines and shaded areas in (A) and (C) show the mean + standard error
of the mean. A '+/'-" after the genotype names in (B) and (D) indicates the presence/
absence of all-trans retinal in the food.

orchestrated by a shared neural circuit capable of driving both signals.
Consequently, descending neurons engage distinct motor circuits in
the ventral nerve cord, dedicated to either song production or
vibration.

We next examined the dynamics with which Pla and pC2I drove
multimodal signals. Activating P1a neurons® reliably induced vibra-
tions that outlasted the activation for tens of seconds (Fig. 4C, D, S5A,
B), independent of activation strength (Fig. S5E). Our sparse activation
protocol also resulted in a few song bouts during and after activation.
This implies that the persistent courtship state induced by Pla neuron
activation jointly controls the multimodal courtship signals of song
and vibration®**. By contrast, pC2I neuron activation reliably drove
song (Fig. 4E, F, S5C, D). Interestingly, at the offset of strong activation,
we observed vibrations lasting 5-10 s (Fig. 4F). The pC2l neurons are
known to produce sine song at activation offset’***, but this sine
song is much shorter (<1s) than the vibrations (5-10 s) (Fig. S5D). In
addition, pulse-sine-vibration sequences were rare, and most transi-
tions into vibrations were preceded by pulse song rather than sine
song (Fig. S5G-J).

Thus, the previously identified “song circuit" comprised of Pla
and pC2l neurons drove multimodal signals. The pC2l neurons directly
drove song, Pla directly drove vibrations. The cell type-specific
dynamics likely reflect differences in downstream connectivity. As
pC2l neurons drive song via a direct connection to pIP10*%¢, we
hypothesize that P1a neurons similarly drive vibrations via an unknown
descending neuron (DNvib). Further, pC2l drives offset sine via its
connection to Pla neurons, disinhibiting ventral nerve chord sine
nodes®. We hypothesize that the offset vibrations are also driven
through this pC2I-Pla connection and the DNvib.

Central Pla neurons jointly control male locomotion and
vibration

Signaling needs to be coordinated with ongoing behaviors to ensure its
efficacy, e.g, vocalizations are coordinated with breathing in
vertebrates?®’. Our behavioral analyses (Figs.2, 3) showed that sta-
tionarity triggers vibrations, and Pla neuron activation is known to
induce locomotor arrest in males®*®*. This suggests that Pla neurons
not only drive multimodal signals but also coordinate them with
locomotion. This could be attributed to Pla neurons either controlling

locomotor state and vibrations in parallel or inducing a vibration
motor program that inherently includes stopping the male (Fig. 4G). In
the first case, Pla neuron activation should stop males, but not all
stationary males should vibrate. In the other case, all males that stop
upon Pla neuron activation should also vibrate. We therefore exam-
ined the association between Pla neuron activation, male locomotion,
and vibrations. We find that Pla neuron activation induced locomotor
arrest in solitary males®® in almost all males (Fig. 4H-J, S6). However,
only 60% of the stationary males vibrated independent of activation
strength (Fig. 4)), suggesting that P1a neurons do not induce a drive to
vibrate, which in turn stops males. Instead, Pla neuron activation
induces two distinct motor programs: one that near-deterministically
stops the male and puts him into “vibration mode" and another that
then probabilistically triggers vibrations within this state. However,
this does not rule out the possibility that the locomotor state itself
inhibits vibrations through an additional gating mechanism in walking
males. Activation of pC2l neurons does not strongly affect locomotion,
but males stop at activation offset, likely because pC2I neurons drive
vibrations through Pla neurons (Fig. S5K). Thus, Pla neurons coordi-
nate signaling with ongoing behavior—they stop males and induce
vibrations.

Mutual inhibition coordinates song and vibration

During natural courtship and during optogenetic activation, song
and vibration rarely overlap (Fig. 1H), raising the question of how the
song and vibration pathways interact downstream of Pla and pC2I
neurons. A common circuit motif that prevents the simultaneous
expression of two behaviors is mutual inhibition®®*° and might be at
work downstream of Pla and pC2l. More specifically, we predicted
that Pla neuron activation would suppress song since it drives
vibrations, and pC2l neuron activation would suppress vibrations,
given that it drives song (Fig.5A, B). To unmask mutual inhibition
between the song and vibration pathways, we activated Pla and pC2I
neurons not in solitary males but in males paired with a female. We
hypothesized that the presence of the female would drive Pla and
pC2l neurons, consequently triggering courtship with song and
vibration (Fig.5C, D, S7A, B). Consistent with our prediction, Pla
neuron activation strongly suppressed song (Fig.5C, E) by inter-
rupting singing in all flies, even in those that did not switch to
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Fig. 4 | Dynamical multimodal signaling is controlled by a network including
Pla and pC2I neurons. A Drosophila song circuit: pC2l drives song via pIP10; pMP2
also drives song. Pla drives song indirectly, via a recurrent neural network (RNN)
and a disinhibitory motif. Arrows indicate excitatory (regular) or inhibitory
(inverted) connections. B Song (purple) and vibration (green) evoked by optoge-
netic activation of Pla, pC2l, pIP10 and pMP2 across different light intensities. Top:
fraction of males singing or vibrating. Bottom: average time individual males spent
producing each signal. Y-axis symlog scaled. N=35/25/10/10/6/5/5 flies Pla/pC2l/
pIP10/pMP2-Chrimson, three controls. C Microphone recording (top), trial average
probability (middle), and single trial raster (bottom) showing song (purple) and
vibration (green) evoked by Pla activation in solitary males (27 mW/cm?, N =13 flies,
7 trials/fly). Gray shadings delimit analysis epochs in (D). D Song (left) and vibration
(right) probability across epochs relative to Pla activation onset: before -10--0,
during 0--5, offset 5--15, after 15--35's, same data as (C). E, F Same as (C, D) but for

pC21 (83 mW/cm?, N = 6 flies, 7 trials/fly). G Two hypotheses regarding vibration and
locomotion control. Top: Pla independently controls vibration and suppresses
locomotion. Bottom: Pla drives a single motor program, causing both stopping and
vibration. H Vibration probability (top) and average male velocity (bottom) in
response to Pla activation (same data as C). I Male velocity before and during Pla
activation. Dots correspond to trials. Right: split into vibrating (green, V) and non-
vibrating males (black, nV) (same data as (C)). J Same as I but for stronger Pla
activation (209 mW/cm?, N = 3 flies). K Working model of multimodal signaling: Pla
drives vibrations directly and persistently, through direct and indirect (via RNN)
connections with an unidentified descending neuron DNvib. Additionaly, Pla con-
trols locomotion to tie vibrations to male stationarity. P-values in (D, F) from one-
sided Wilcoxon test testing whether song or vibration probability increases; in (I, J)
from one-sided Mann-Whitney U tests of the hypothesis that Pla activation slows
males, and that vibrating males are slower.

vibrations (Fig.S7C). Conversely, pC2l neuron activation almost
completely suppressed vibrations (Fig.5D, F). Almost all flies that
were vibrating in the five seconds prior to activation ceased their
vibrations, even if they did not initiate singing behavior (Fig.S7D).
These results show that mutual inhibition reduces the overlap
between multimodal signals in Drosophila. Mutual inhibition also
coordinates the rapid switching between pulse and sine song®,
suggesting that similar circuit principles coordinate signal produc-
tion across timescales.

Circuit dynamics bias signaling and can be overridden by female
cues for context-appropriate signaling

Optogenetic activation engaged a circuit with strong autonomous
dynamics (Fig. 4C-F): Pla neurons drive vibrations during and for tens
of seconds after activation and only a little song in solitary males. pC2l
neurons drive a sequence of song during, and vibrations for 5-10's
after activation. However, signal dynamics during natural courtship
with a female are much more variable (Fig. 1). For instance, the pulse to
vibration transitions produced by pC2l activation (Fig. 4E) are rarely
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Fig. 5 | Coordination and modulation of song and vibration via mutual inhi-
bition, female cues, and motivational state. A, B Hypothesized effects of mutual
inhibition. Activation of Pla drives vibration and inhibits song (A). Activation of
pC2l drives song and inhibits vibrations (B). Mutual inhibition is depicted as acting
directly between descending neurons, but could also act downstream. C, D Prob-
ability of song (purple) and vibration (green) in courting males during optogenetic
activation of P1a (C) or pC2I (D). Shaded areas indicate the epochs used for statics in
(E) and (F). Only probabilities during which the male courted were included. Light
intensity 27 mW/cm? at 625 nm. E, F Comparison of song (left) and vibration (right)
before (10 s) and during (5 s) activation of Pla (E) and pC2lI (F) in courting males.

The statistical tests only included trials in which the males courted the female
before and during activation. P-values from a two-sided Wilcoxon test. G Working
model of multimodal signaling with mutual inhibition. H Males were sexually sati-
ated by housing them with 10-15 virgins 4-6 h prior to the experiments. Control
males were housed with 10-15 males. I, J Probability of observing song (purple) and
vibration (green) in sexually satiated (lines) and naive (shaded areas) solitary males
upon optogenetic activation of Pla (I) and pC2I (J). Gray shaded areas indicate
epochs used for statics in (K-N). K, L Comparison of song evoked in different time
windows for Pla (K) and pC2l (L) in sexually satiated (S) and control (C) males. M, N
Same as (K, L), but for vibrations.

seen during natural courtship (Fig. 1I). While we cannot rule out that
consistent optogenetic activation of Pla and pC2l drives the circuit
into a non-typical dynamical regime’®”, we believe the differences in
signal dynamics between optogenetic activation and natural courtship
arise because Pla and pC2l are activated by intermittent and dynamical
social cues from the female. Specifically, Pla responds to contact and
volatile pheromones*>*>*, while pC2I responds to acoustic and visual
cues****, To assess how dynamical social cues modulate the circuit’s
autonomous dynamics during courtship, we assessed the data from
activated Pla and pC2l neurons in males that courted a female (Fig.
S7C, D). In the courting males, we found that activation of Pla or pC2I
neurons did bias subsequent signaling towards vibrations. However,
the bias was relatively weak and not as persistent as in solitary males
(compare Fig. 4C, E). Thus, the circuit driving song and vibration in the
central brain enables persistent yet flexible signaling. In the absence of
social cues, activation of the circuit drives autonomous dynamics that
enable persistent signaling. However, external cues can override these
circuit dynamics to enable context-appropriate dynamical signaling.

Song and vibration are under common motivational control

The persistence of courtship in Drosophila is driven by P1a neurons and
modulated by sexual satiation, which reduces the initiation and per-
sistence of courtship in males’. The effect of satiation is mediated by
dopamine and leads to a reduced excitability of P1a neurons®*’? as well
as less persistence in Pla neuron activity itself*® and in the recurrent

circuitry downstream of Pla neurons®”. One advantage of driving
song and vibration through a shared circuit is that only a few circuit
nodes need to be manipulated to globally up- or down-regulate mul-
timodal signaling. However, direct effects of sexual satiation on sing-
ing and vibration have not been investigated. To assess whether
motivational state modulates the persistence of both signals, we
induced sexual satiation by allowing males to freely mate with females,
and subsequently activated Pla and pC2l neurons (Fig. SH). We found
that sexual satiation strongly reduced the persistence of both song and
vibration (Fig. 5I-N). Satiated males were less likely to vibrate after Pla
neuron activation, and their tendency to sing was even further
diminished (Fig. 51, K, M). For pC2l activation, satiation weakly reduced
the singing and almost completely abolished vibrations after activa-
tion offset (Fig. 5J, L, N). An effect of sexual motivation on Pla neurons
has been demonstrated previously®>’>”> and we now show that satia-
tion globally reduces the persistence of signaling during courtship,
implying that both song and vibration are under common motivational
control.

A neural circuit model for multimodal signaling

Our experiments revealed a neural circuit that drives multimodal sig-
nals with complex and persistent dynamics. To test whether this circuit
is indeed sufficient to explain the dynamics of multimodal signaling in
Drosophila, we implemented a proof-of-concept circuit model (Fig. 6A,
S8). The proposed model consisted of three major components: First,
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Table 2 | Open source software used

Resource Link (citation)

https://github.com/jgraving/DeepPoseKi

DeepPoseKit 101

DeepAudioSegmenter https://github.com/janclemenslab/das'®

GLM utilities https://github.com/janclemenslab/glm_utils
Inkscape 0.92 https://inkscape.org

Python 3.7-3.12 https://python.org

scikit learn https://scikit-learn.org®

seaborn https://seaborn.pydata.org™

SLEAP https://sleap.ai™

xarray-behave https://github.com/janclemenslab/xarray-behave

etho https://github.com/janclemenslab/etho
pandas https://pandas.pydata.org"*

numba https://github.com/numba/numba™
networkx https://networkx.org'®®

navis https://navis-org.github.io/navis"®

natverse flybrains https://natverse.org"®

flywire codex https://codex.flywire.ai'®®

left and right wing) were then tracked using DeepPoseKit'"". For most
analyses, the tracking data was downsampled from the original frame
rate of 100 Hz (fps) to 50 Hz. All time points after the beginning of
copulation were excluded from analysis.

To show traces of signal probabilities or velocities for optogenetic
experiments or onset/offset analysis (Figs. 3-5, S4-5), we pooled data
across flies and computed the mean (for signal probabilities) or
median (for velocities) across stimulation trials or onsets and offsets.
To eliminate tracking errors from velocity or wing angle data, we
excluded data points where the distance between male and female
thoraces dropped below 1 mm and were the tracking confidence for
the head or thorax was less than 50%. All traces shown for optogenetic
experiments (Figs. 3-5) are smoothed with a Gaussian window with a
standard deviation of 0.1s, velocity traces were smoothed with a
Gaussian window with a standard deviation of 1s.

Courtship was defined as time points during which the male was
within 8 mm (6 mm for GLM analysis) of the female and + 60° behind
her. The courtship index is the fraction of time points that are courtship
from the beginning of the recording until copulation started or the
recording ended.

Correlating abdominal quivering and vibration pulses

Flies positions and body parts in the high-resolution videos were
tracked using SLEAP®.. We then independently annotated abdominal
quivering in the video, visible in the top-down view as a brief short-
ening of the abdomen, and vibration pulses in the audio.

Behavioral modeling
Multinomial Generalized Linear Models (GLMs) were used to identify
the behavioral cues and contexts that drive the choice between song
(pulse, sine) and vibration. Models were fitted to predict whether the
male produced a song, vibration or no signal at any moment in time.

As behavioral cues, we extracted 19 metrics from the fly tracks of
14 male-female pairs of NM91 using xarray-behave (Table 2): male or
female rotational speed, rotational acceleration, velocity and its for-
ward and lateral components, acceleration and its forward and lateral
components, male-female distance, as well as the male’s relative angle
(male position relative to female body axis) and relative orientation
(males heading relative to female center). We only considered court-
ship frames and frames before copulation.

The cues for each pair were z-scored and then pooled across pairs.
That way, each GLM was fitted to the data from multiple pairs. Since we

were interested in identifying the time course of each cue that best
predicted signaling, we delay-embedded the cues. That is, the signals in
each time point were predicted using the time course of each cue in the
1s preceding that time point. To reduce dimensionality, we projected
each 1s onto a basis of four raised cosines covering the 1s time window
with logarithmic spacing'® Thereby, the cues’ time course in the 1s
preceding each time point was predicted by 4 values. The temporal
filters (Fig. 2H) were recovered from the 4 weights learned by the GLM
by back-projecting the raised cosine basis to time. The filter sum
(Fig. 2G, S3B) was given by the sum of all filter values in the time domain.

Since the fraction of song, vibration and no signal in the data was
skewed towards no signals, we balanced the data prior to fitting by
randomly sub-sampling an equal number from each prediction target
(song, vibration, no signal). This yielded 73,562 time points per signal
type as inputs to the model fitting.

GLM fitting and evaluation. Data points of behavioral cues were split
into 90% training data and 10% test data. Each model was fitted 10 times,
each time with random train-test splits and balancing. Models were
fitted using LogisticRegressionCV from scikit-learn'’, with L2 reg-
ularization, ten-fold cross-validation and a maximum of 500 iterations.

The performance of each fitted model was quantified by com-
paring model predictions on the test set to behavioral groundtruth
data. Predicted and true signals were tabulated in a confusion matrix,
normalized by the true signals (Fig. 2C, E). Diagonal matrix elements
correspond to correct predictions (plotted in Fig. 2F) and off-diagonal
elements correspond to prediction errors. To obtain a single score of
the performance, we computed the accuracy as the average over the
diagonal values. We fitted two types of models: To assess the general
ability of the cues to predict the males’ signal choice, we fitted a model
that used all 19 cues (Fig. 2C). As a second step, to assess to informa-
tion contributed by each individual cue, while all other cues were
shuffled, we fitted separate models for each cue and assessed their
performance (Fig. 2D).

Connectome analyses

Connectome analyses in Fig. S9 were based on the female whole brain
connectome, flywire’*”>'*, since no male brain connectome data is
currently available. The data was downloaded from flywire codex
(https://codex.flywire.ai/api/download, v783)'* and further processed
using open source packages (see Table 2). The pCl and pC2 neurons
were identified based on existing cell-type annotations in flywire'** and
connections'*"% were identified using the all simple paths
function of the networkx package'”. The outline of the brain and the
neuronal skeletons were plotted using navis'’ and natverse’s flybrains

111

package'.

Circuit model

Model structure and working principle. The primary goal of the
model is to synthesize the experimental results and show that our
current model of the circuit is sufficient to explain the behavioral data.
The model is well supported by existing and our own data, and consists
of four main components:

1. The social cue integrating neuron groups Pla and pC2l mediates
acute effects of activation via connections to descending
command-like neurons.

2. A recurrent neural network (RNN) downstream of Pla mediates
the long-term effects of circuit activation.

3. Two descending command-like neurons, pIP10 and DNvib, drive
song and vibration in the ventral nerve chord.

4. Mutual inhibition between or downstream of pIP10 and DNvib
reduces the overlap between song and vibration.

Pla and pC2l have been shown to be activated by social cues in
numerous studies. The pC2l neurons are activated by male pulse
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song”* and likely also visual® and other cues. The Pla neurons receive

inputs from volatile and contact chemical cues**>*, Our behavioral
results leave open the possibility that additional, still unidentified cues
activate Pla.

In our experiments, activation of Pla and pC2l drove vibration
and song, respectively, with short latency (Fig.4). This suggests
that they have short connections spanning only one or a few synapses
to command-like descending neurons. Direct connectivity between
pC2l and the song DN pIP10 has been established anatomically
and functionally®®. Short connections between Pla and descending
command neurons are not known but are likely, given the behavioral
data. This connection can be tested directly once DNvib has been
identified.

Vibrations were also driven at the offset of pC2I. In the model, this
is mediated via a pC2l to Pla connection (Fig.S8B, E). pC2l activity
would induce relatively weak and slowly decaying activity in P1a. A pC2l
to Pla connection has been hypothesized in a recent paper on song
patterning® and was required to explain the production of complex
song upon pC2l activation. Our data provides independent support for
such a connection. The activity of P1a has been shown to decay slowly
with a time constant of 5-10 s®*, which matches the time constant of
the offset vibrations after pC2l activation (Fig.4). This supports the
idea of offset vibrations after pC2l activation being driven by this
slowly decaying Pla activity.

An RNN downstream of Pla maintains vibration activity for tens
of seconds. Elements of the RNN have been characterized
previously using behavioral and imaging experiments, and the pCd
neurons are members of this network®. Connectivity downstream
of the RNN is unknown. For simplicity, we assume that the RNN
drives both song and vibration DNs. However, alternative imple-
mentations are possible. Signaling after P1a activation in solitary males
is strongly biased towards vibrations, and this is reflected in stronger
relative connectivity from the RNN to the DNvib versus pIP10 in
our model.

Lastly, mutual inhibition downstream of P1a and pC2I reduces the
overlap between song and vibration, and induces switching between
song and vibration during the persistent phase driven by adaptation
and noise. This component of the model is derived from models of
bistable phenomena®. Mutual inhibition could be implemented at
different stages downstream of Pla and pC2l: Upstream of pIP10 and
DNvib, between pIP10 and DNvib, or downstream of the DNs in the
VNC. For simplicity, we model mutual inhibition as happening between
pIP10 and DNvib. pIP10 receives input from pC2I and the RNN, and
DNvib receives input from Pla and the RNN. Both DNs adapt, which is
supported by the observation of spike-frequency adaptation in patch
clamp recordings of pIP10*. pIP10 activity drives song in the VNC and
an interneuron that inhibits DNvib. DNvib activity drives vibrations in
the VNC and an interneuron that inhibits pIP10. The latter interneuron
adapts, which acts as a high-pass filter that speeds up the inputs from
P1a-DNvib to account for the short latency of inhibition of song upon
Pla activation (Fig. 5). Gaussian noise is added to the output of pIP10
and DNvib to enable stochastic switching between song and vibration
in the persistent phase.

Since we were interested in circuit dynamics on a timescale of
seconds, we implemented a rate-based model, in which the activity of
individual neurons is represented by continuous variables that are
considered to be proportional to the firing rate of the cell (individual
cells, e.g., for pIP10, or cell clusters, e.g., P1a or pC2I). To translate the
activity of pIP10 and DNvib to behavior, we consider their activity to be
proportional to the probability of observing song and vibration,
respectively. Trial averaged plots show the average probability over
100 model simulations with different noise patterns. Mathematical
details of the circuit model are specified in the Supplementary infor-
mation. Code for running the model can be found at https://github.
com/janclemenslab/vibmodel™.

Statistical analyses

All tests were Wilcoxon (for paired data) or Mann-Whitney-U tests (for
unpaired data). The significance levels for multiple comparisons were
adjusted from 0.05 using the Bonferroni method. For assessing the
effect of optogenetic activation in courting males, statistics only
include males that intensely courted the female 10 s before and during
optogenetic activation. Intense courtship was defined as a courtship
index of 0.9 (see above).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
paper, its Supplementary Information or a public repository. Source
data are provided with this paper. Raw experimental data generated in
this study have been deposited in the Gottingen Research Online
database (https://doi.org/10.25625/4R4MZU). Source data are pro-
vided with this paper.

Code availability

All data analyses were performed using the software listed in Table 2.
Code for running the computational model is deposited at https://
github.com/janclemenslab/vibmodel™.
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