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SUMMARY

Animals need to integrate information across neuronal networks that direct reproductive behaviors and circa-
dian rhythms. The Drosophila master regulatory transcription factors that direct courtship and circadian
rhythms are co-expressed. We find sex differences in the number of these fruitless (fru) and Clock (Clk)-ex-
pressing neurons (fruX Clk neurons) regulated by male-specific Fru. We assign the fruX Clk neurons to the
electron microscopy connectome and to subtypes of clock neurons. We discover sex differences in fru-ex-
pressing neurons that are post-synaptic targets ofClk-expressing neurons. When fruXClk neurons are acti-
vated or silenced, we observe a male-specific shortening of period length. Activation of fru X Clk neurons
also changes the rate a courtship behavior is performed. We examine male courtship behavior over 24 h
and find courtship activities peak at lights-on. These results reveal how neurons that subserve the two pro-
cesses can impact behavioral outcomes in a sex-specific manner.

INTRODUCTION

Reproductive behaviors and circadian rhythms are biologically

linked. For example, the time-of-day influences when animals

mate, and reproductive behaviors and mating in turn impact

daily activity patterns and sleep. In Drosophila melanogaster,

the neuronal networks that direct reproduction and circadian

rhythms are largely distinct, but there are neurons predicted

to function in, or link, both processes, given that they express

the master regulatory transcription factors that underlie both

reproduction and daily rhythms. A set of transcription factors

encoded by period (per), timeless (tim), Clock (Clk), and Cycle

(Cyc) are part of a regulatory feedback loop to direct circadian

rhythms.1 The sex determination hierarchy gene fruitless en-

codes sex-specific transcription factors that are produced in

neurons that underlie male and female reproductive behaviors.2

In our previous single-cell RNA-sequencing study, directed at

molecularly classifying the repertoires of fruitless-expressing

neurons that direct reproductive behaviors,3 we identified a

set of neurons in both sexes that also express the master clock

genes (fru X Clk neurons). Here, we examine the role of fru X
Clk neurons in generating sex differences in behavioral rhythms

and determine if there are additional functions for reproductive

behaviors.

The network of neurons directing circadian rhythms is

composed of�150 neurons in the brain that have been ascribed

different functions. These neurons are named for their neuroan-

atomical positions. The fruX Clk neurons are defined by molec-

ular genetic tools and include a subset of each of the following

classes of clock neurons: LNds (dorsal-lateral neurons), DN1s

(dorsal), and DN3s (dorsal) clock neurons. The LNds direct eve-

ning anticipation in light:dark conditions (LD) and are part of the

set of ‘‘evening’’ or ‘‘E’’ cells. The DN1s are targets of the sLNv

‘‘morning’’ or ‘‘M’’ neurons. The sLNvs are pacemaker neurons

that are critical for behavioral activity rhythms and produce

pigment dispersing factor (PDF), a neuropeptide that keeps the

clock neuronal network synchronized. The DN1s have been

ascribed several functions, including activity promoting,4 sleep

promoting,5,6 and coordinating the response to light and temper-

ature.7 The DN3s are not as well studied, though do have a role in

promoting sleep.8

The potential for Drosophila reproductive behaviors is spec-

ified by the sex determination hierarchy.9 This hierarchy is

composed of a pre-mRNA splicing cascade that is a readout

of the number of X chromosomes. At the bottom of the hierar-

chy are two genes that encode transcription factors that have

pre-mRNAs that are spliced in a sex-specific manner. These

transcription factors control all aspects of sexual differentiation

in non-germline tissues (doublesex [dsx] and fruitless [fru]).

Both dsx and fru direct reproductive behaviors through pro-

duction of sex-specific transcription factors, with fru being ex-

pressed in a larger population of neurons. dsx also directs all

aspects of somatic sexual differentiation outside of the ner-

vous system. The fru transcripts produced from the fru P1
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promoter are the sex-specifically spliced fru transcript class,

that produces male-specific transcription factors (FruM). It is

thought that no functional female-specific Fru product is pro-

duced. fru P1-expressing neurons are found in both sexes

and have similar neuroanatomical positions and numbers.10,11

These fru P1 neurons underlie reproductive behaviors in both

sexes, based on several types of molecular-genetic perturba-

tion studies.12

Here, we examine fru X Clk neurons that are molecularly

defined using a genetic intersectional approach that relies on

fru P1 regulatory elements driving expression of flippase (fru-

Flp),13 the Clk856-Gal4 transgene (Clk-Gal4) that drives expres-

sion in the core clock neurons of UAS-controlled transgenes,14

and a set of UAS-Flp-out cassette transgenes that have expres-

sion limited to neurons with overlapping fru-Flp and Clk-Gal4

expression. We extend our neuroanatomical examination of

sex differences in these neurons using a MultiColor FlpOut

(MCFO) stochastic labeling approach, coupled with links to the

Drosophila FlyWire connectome that is based on serial electron

micrographic studies. We further characterize fru neurons in the

core clock using the same genetic intersectional strategy with

fru-Flp and Gal4 transgenes for a set of genes with known core

clock expression. Furthermore, we identify sex differences in

the number of fru P1 neurons that are targets of the core clock

neural network, using a trans-synaptic labeling approach

(trans-Tango).15 We found that either activating or silencing the

fru X Clk neurons results in a shorter circadian period and

more activity in constant dark conditions (DD), but only in males.

Activation and silencing of fru X Clk neurons had modest im-

pacts on overall activity in LD conditions. We found that the

changes in behavioral rhythmicity were reflected in Per cycling

in the sLNvs neurons, when fru X Clk neurons were either acti-

vated or silenced. Male courtship behavior was impacted by

fru X Clk neurons activation, with more attempts to copulate

per minute observed, linking the fru-expressing circadian neu-

rons to reproductive activity. We examine courtship across a

24-h window and find that males have peak courtship activity

at lights-on, with increases observed in anticipation of lights-

on starting �2 h prior. The fru X Clk neuron perturbations did

not significantly impact the timing of courtship across the 24-h

window we examined. Taken together, we have found links be-

tween sex-specific circadian governance of daily activity and

reproductive outputs.

RESULTS

Characterization of fru X Clk neurons
To visualize neurons that express both fru P1 (hereafter fru)

and Clk (fru X Clk), we employed a labeling approach called

MultiColor FlpOut (MCFO) that relies on expression of both

fru-Flp and Clk-Gal4 for the visualization of individual neurons

and their projections in different colors, using confocal micro-

scopy (Figure 1A; Video S1; called fru X Clk MCFO neu-

rons).13,14,16 We first observed fru X Clk MCFO neurons over

a 24-h period, in animals that are aged 5–10 days old, across

six time points, to determine if there were large changes in

neuronal projection patterns influenced by the time of day, as

observed for sLNvs.17 We did not observe any large changes

across the six time points (Figure S1), though further higher res-

olution analyses may reveal small differences. We did an in-

depth characterization of the full set of fruX ClkMCFO neurons

from animals at zeitgeber time (ZT) 4–6, as this overlaps with the

time we perform courtship analyses. We observe expression in

a subset of the DN1s, DN3s, and LNds, as before,3 with projec-

tions within the protocerebral region for the DN1s and DN3s,

including somewith projections that cross themidline. Addition-

ally, our labeling identifies neurons in the subesophageal zone

(SEZ), ascending median bundle neurons, and in the ventral

nerve cord (VNC), with most in the abdominal ganglion of the

VNC.We also visualize the fruXClk neurons using an additional

Flp-out responsive cassette (UAS <stop <smGDP::myc on the

second chromosome; smGDP tool) to determine if the triple

MCFO is a reliable tool to visualize neurons (Figure S2). We

find that the triple MCFO reporter detects more fru X Clk neu-

rons than the smGDP tool, so we proceeded with our analyses

using MCFO.

To further characterize fru neurons in the clock, we determined

the intersectionwith other genes in the core clock (cryptochrome:

fru X cry and timeless fru X tim; Figures S3–S5).19,20 We find

overlap consistent with Clk856-Gal4 and additional intersecting

neurons that were not previously detected (Figure S4). We also

examined theoverlapof fruwithGal4 transgenes that are inserted

into neuropeptide genes that are known to be expressed in the

core clock neurons, as previously described.18,21,22 We find fru

X AstC and fruXAstC split-Gal4 have expression in the DN3 re-

gion, consistent with previous findings on circadian roles of

AstC23,24 (Figure S3), whereas other fru X neuropeptide Gal4

transgene combinations did not have overlapping expression

that is similar in morphology to fru X Clk neurons (Figure S5).

Future behavioral studies on these different fru X core clock

gene subsets will shed light on the roles of additional neuronal

subsets.

FlyWire connectome classification of fru X Clk brain
neurons
Given our higher resolution morphological analyses of the fru X
Clk neurons with MCFO, we are able to classify them using the

FlyWire connectome database, a circadian network connectome

based on FlyWire, and annotation of fru+ neurons in the FlyWire

connectome.18,25,26 All the connectome neurons shown in Fig-

ure 1 are labeled as fru+, except the DN1pAs, providing further

confidence in our assignments. The circadian connectome lists

five types of DN3s. The fru X Clk DN3s are likely DN3c

(s-CPDN3C),
18 and/or DN3d (s-CPDN3D),

18 given they have pro-

jections in the protocerebral region, with some crossing the

midline over the pars intercerebralis (PI). This is not observed

for s-CPDN3B and s-CPDN3E neurons. We also rule out

s-CPDN3A neurons because these have projections into the op-

tic lobe, which we do not observe. For DN1s, we found the

DN1pA neurons were most similar to fru X Clk DN1 neurons.

There was another classified set of DN1 neurons that have pro-

jections above the DN1 region that we did not observe in our

MCFO staining. We propose the fru X Clk LNds are LNdb and

LNdc and not the third category called LNda. The LNda have a

large projection into the optic lobe that we did not observe. Using

the FlyWire resource, we generated a composite of the neuronal
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classes (DN3c, DN3d, DN1pa, LNdb, and LNdc) that is similar to

the fru X Clk MCFO pattern (Figure 1E).

Although neurons in the SEZ are not part of the defined �150

clock network, we identify them in the fru X Clk MCFO stain-

ing. We observe median bundle neurons that project from

the SEZ to the PI region that are similar in morphology to

ADT6 neurons (fru+), though we note that there are over 230

ADT6 neurons that are difficult to distinguish by morphology.

The cb1008 ADT6 neurons have similar cell numbers and

projection. The cb1008 neurons also had projections near

the DN3 and DN1 neurons, as we see in fru X Clk MCFO stain-

ing, which gave us higher confidence. The projections we

see in the SEZ were variable; however, the overall cell body

positioning and ring shape of the neurites is similar to an unla-

beled neuron notated as cb0456 in FlyWire. Using the FlyWire

resource, we generated a composite of all the potential

neuronal classes that is highly similar to the fru X Clk MCFO

pattern (Figure 1F).

A B

C

D

E F

Figure 1. FlyWire connectome classification of fru X Clk brain neurons

(A) Brain and VNC confocal maximum projections from 5- to 10-day-old adults. fruX Clk neurons are identified using the MultiColor FlpOut (MCFO; UAS <Stop

<MCFO) reporters. Scale bars, 50 mm. Images were acquired with a 20X objective. The genotype isw, Clk856-Gal4/+; UAS <Stop <MCFO, fruFLP/+. The epitopes

detected in MCFO staining are HA, Flag, and V5.

(B–D) FlyWire 3D projections of s-CPDN3C (DN3c), s-CPDN3D (DN3d), DN1pA (DN1pa), LNdB, and LNdC (LNdb and LNdc) neurons. The nomenclature is from the

published circadian connectome.18

(E) Combined FlyWire projections of DN3c, DN3d, DN1pa, LNdb, and LNdc neurons.

(F) Addition of FlyWire ADT6 and SEZ projections with DN3c, DN3d, DN1pa, LNdb, and LNdc neurons.
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Impact of the sex hierarchy on fruX Clk neuron number
The fruX ClkMCFO staining revealed that males had more DN3

neurons, compared to females. Scoring the number of fruX Clk

brain DN3 neurons blinded showed that males have �6.75 and

females have �3.75 (median counts; Figures 2A–2D). To deter-

mine if these differences are regulated by fru, we examined the

number of fruXClkDN3 neurons whenwe overexpress different

FruM isoforms that differ in their DNA-binding domain (FruMA,

FruMB, or FruMC). fru is a complex locus, with at least five potential

alternative 30 exons that encodeDNAbinding domains,27with the

A, B, and C encoding exons being the predominant ones in the

nervous system. These male-specific Fru isoforms bind different

DNA elements and have different target genes and different func-

tions.28–30 Overexpression of FruMB lead to an increase in fru X
ClkDN3 female neurons compared to no overexpression, though

genotype-matched males still had significantly more. Overex-

pression of FruMA leads to a decrease in fruXClkDN3male neu-

rons, resulting in no significant difference in neuron number

between the sexes in that comparison (Figure 2D). Overexpres-

sion of FruM isoforms also impacted whether different sets of

fru X Clk MCFO neurons were detected in a brain (Figure S6),

with each isoform having unique phenotypes. These results are

consistent with known differences in functions of the FruM

isoforms.28–30

When we examine a strong hypomorphic, trans-heterozy-

gous fru allele combination that substantially reduces the

amount of FruM protein (fru4–40/fruFLP; Figure 2C),31 we find

the number of fru X Clk DN3 male neurons is reduced to the

same number as female (Figure 2D). We do not see this same

result whenwe feminized the neurons by expressing TraF, which

is predicted to remove FruM from all neurons that express Clk-

Gal4. The difference in the results may be because fru4–40/fruFLP

results in a loss of FruM at any time FruM is produced, whereas

the UAS-transgene manipulations are under the control of Clk

expression, which may be at a later developmental time. Addi-

tionally, there could be a cell-nonautonomous requirement for

fru for male fru X Clk DN3 neurons. Across all these molecu-

lar-genetic manipulations changes were observed in the per-

centage of animals with a structure, or the number of neurons

present, though we did not see large changes in projection pat-

terns, consistent with the observation that we did not see

obvious morphological sexual dimorphism in fru X Clk MCFO

neurons.

fru post-synaptic targets of circadian network neurons
are dimorphic
To determine if there is additional sexual dimorphism in the

circadian neural network, we identified the fru synaptic targets

A B

C

D

Figure 2. Impact of the sex hierarchy on fru X Clk neuron number

(A and B) Brain and VNC confocal maximum projections from 5- to 10-day-old adults. The genotype is: w, Clk856-Gal4/+; UAS <Stop <MCFO, fruFLP/+. Images

show fruXClk neurons identified using theMultiColor FlpOut (MCFO) reporters. (A) MCFO staining with overexpression of FruM isoforms (FruMA, FruMB, or FruMC)

or TraF under UAS regulation. The genotype includes one of the UAS transgenes on the second chromosome. (B) MCFO staining in trans-heterozygous fru allele

combination fruFLP/fru4–40.

(C) Brain confocal maximum projections from 5- to 10-day-old adults. Wild-type (Canton S strain) and fruFLP/fru4–40 brains were stained with anti-FruM antibody.

(D) Count of DN3 neurons in males and females at the ZT4-6 time window. Bar graphs show median with interquartile range. Two-tailed Mann-Whitney test

comparing males and females for each effector. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 22–26 hemibrains for each genotype examined, for both

males and females. Scale bars, 50 mm. Images were acquired with a 20X objective.
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of Clk-Gal4 neurons, using the trans-Tango reporter system

(Figure 3).15 First, we restrict the trans-Tango post-synaptic re-

porter to fru neurons, by using a reporter that relies on expres-

sion of fruFLP (green; Figure 3A). We observe sex differences in

the number and position of the fru synaptic targets, with more

neurons in the male brain (Figures 3A and 3C). These fru synap-

tic targets are neurons in the posterior region of the brain with

cell bodies near where the mushroom body cell bodies reside

(here called midbrain cloud), ascending median bundle, and

arch and lateral junction of the lateral protocerebral complex.

If we examine individual brain regions, we find males more often

have the midbrain cloud and the arch neurons detected (Fig-

ure S7), whereas in females wemore often detect the ascending

median bundle neurons (Figure S7). We also detect more neu-

A

B C

Figure 3. fru post-synaptic targets of circa-

dian network neurons are dimorphic

(A) Brain and VNC confocal maximum projections

from5- to 10-day-oldmale and femalesadults. The

trans-Tango reporter tool allows for visualization of

Clk856-Gal4 neurons (red) and fru synaptic targets

of Clk (green). The genotype contains these ele-

ments: trans-Tango/Clk856-Gal4; 10XUAS-IVS-

myr::tdTomato, QUAS <stop <mCD8-GFP/fruFLP.

TheQF transcription factor is produced in thepost-

synaptic targets of Clk, with the QF-dependent

reporter, QUAS, only active in fru neurons. Scale

bars, 50 mm.

(B) Brain and VNC confocal maximum projections

from 5- to 10-day-old adults. The trans-Tango re-

porter tool allows for visualization of targets of

Clk856-Gal4 neurons (nuclear dsRed). These flies

harbor a Crispr-modified fru allele that generates

an amino-terminal Flag-tagged FruM (Flag::FruM;

anti-Flag purple). The genotype contains these el-

ements: 5XQUAS-nlsDsRed; trans-Tango/Clk856-

Gal4;Flag::FruM. Colocalization of the red and

purple signal is shown in green. Scale bars, 50 mm.

(C) Male and female cell body counts of the post-

synaptic fru targets of Clk neurons from (A), per

brain, and VNC. Bar graphs show median

with interquartile range (IQR) and two-tailedMann-

Whitney test. Male brain: n = 41 brains, IQR = 25–

57, range = 13–115; female brain: n= 36, IQR= 11–

19, range=3–55;male VNC:n=24, IQR=3.25–12,

range = 0–17; female VNC: n = 16, IQR = 1–6.75,

range = 0–11. *p < 0.05, ****p < 0.0001.

rons in the ventral nerve cord (VNC) in

males (Figure 3C), in the VNC abdominal

ganglion and VNC T2 midline neurons

(Figure 3A). We also examined fru synap-

tic targets of Clk-gal4 using a reporter

for all Clk-gal4 post-synaptic targets

(Figure 3B; nuclear red) and detected

their overlap with FruM (Figure 3B; nu-

clear purple FruM tagged with FLAG

epitope, and green shows overlap). This

approach revealed additional fru post-

synaptic Clk-target neurons with cell

bodies in the PI, though overall was

consistent with the results using the trans-Tango FLP-out re-

porter approach.

fru X Clk neuronal activity impacts circadian period
Next, we determine the function of fru X Clk neurons in circa-

dian period length, by either activating (UAS < stop<TrpA1;

hereafter called TrpA1) or silencing (UAS < stop<Kir2.1; here-

after called Kir2.1) fru X Clk neurons (Figure 4; Table S1), in

strain-background-matched conditions. Similar to our previous

study,3 in constant dark conditions, we found activating fru X
Clk neurons resulted in males having a significantly shortened

period length (23.2 h) compared to controls, but females were

similar to controls (23.8 h for females), though they had a lower

percentage of rhythmic flies. We were surprised that silencing

iScience 28, 112037, March 21, 2025 5

iScience
Article

ll
OPEN ACCESS



A

B

C

Figure 4. fru X Clk neuron activity impacts circadian period and overall activity

(A) Actograms showing averaged activity over 2 days in light dark and 11 days in constant dark. The yellow shaded region indicateswhen lights are on at the end of

light:dark entrainment (first 2 days in monitors). Males and females are (1)w+, Clk856-Gal4/+; fruFLP (controls, male n = 62, female n = 59), (2)w; Clk856-Gal4/UAS

<stop <TrpA1; fruFLP/+. (TrpA1 activated, male n = 62 female n = 62), and (3)w; Clk856-Gal4/UAS <stop <Kir2.1; fruFLP/+. (Kir2.1 silenced, male n = 62 female n =

55). Y axis range 0–35 counts. X axis is a 24-h time period. The data are plotted in 5-min bins.

(B) Circadian period and % rhythmic flies.

(C) Circadian strength reported as Qp.act/Qp.sig. and average activity per day (right) were calculated using ShinyR-DAM.32

(legend continued on next page)
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fru X Clk neurons also significantly reduced circadian period

in males (22.8 h) and females (23.4 h), compared to controls

(Figures 4A and 4B; Table S1). Experimental males and females

did not differ from controls for circadian strength, with the pres-

ence of only theClk-Gal4 and Fru-Flp transgenes also causing a

reduction in circadian strength (Figure 4C). Animals with either

silenced (Kir2.1; males and females) or activated (TrpA1; males

and females) fru X Clk neurons had more overall activity

compared to same-sex, strain-matched controls (w+), which

could be related to the shortened circadian period in males.

The observation that continuous activation or silencing of fru

XClk neurons had the same shortened circadian period pheno-

type in males is consistent with a need for fru X Clk neurons to

change their activity across the day and night to maintain wild-

type period.

To further determine if the sex-specific identity of fru X Clk

neurons impacted the sex-specific phenotypes we observed

when fru X Clk neurons are either activated or silenced, we

introduced transgenes that either feminize (UAS-TraF) ormascu-

linize (UAS-tra and UAS-tra-2 RNAi) neurons and did not see an

impact on the sex difference of the circadian phenotype

(Table S1). This could be due to the timing of transgene expres-

sion, as the RNAi and overexpressors may be turned on later

then when sex identity is established. In addition, we show

that the male-specific reduced circadian phenotype is due to

fru X Clk neurons in the brain, by introducing a transgene that

blocks Clk-Gal4 activity in the VNC (tsh-Gal80), though we

note that the tsh-Gal80 transgenes made the flies less healthy

overall (Figure S8).33

When we filtered the data to require that flies have a stronger

period strength (strength >1.1; Figure S9), we found a similar

shorter circadian period phenotype in males, when fru X Clk

neurons are activated and silenced. From this analysis it is clear

that activating fru X Clk neurons causes arrhythmicity in both

males and females (Figure S9).

Period cycling is shifted due to changes in fru X Clk

neuron activity
Next, to understand how the shortened circadian period arises

when fru X Clk neuron activity is altered, we examined Per

cycling in the critical sLNvs clock pacemaker neurons. Per pro-

tein immunostaining across six time points, starting 7 days after

the initiation of constant dark conditions, reveals a similar phase

shift when fru X Clk neurons are either activated or silenced,

consistent with the change in behavior (Figure S9), as compared

to Canton S and Clk-Gal4, Fru-Flp controls. We expect to

observe a �7- to 8-h shift in per cycling after 7–8 days in DD.

The fru X Clk neurons (DN1, DN3, and LNds) are thought to be

downstream of the sLNv pacemaker neurons. This suggests

that there may be feedback to the sLNvs either through synaptic

connections, or indirectly, via the changes in behavior that are

directed by fru X Clk neurons. It has been shown that sLNvs

are a target of DN1 neurons and that DN1 neurons have robust

sex differences in activity.5 Our results may provide further evi-

dence that fru X Clk neurons feedback on the core pacemaker

sLNvs to change rhythmic behaviors.

Impact of fru X Clk neuron number and sex-specific
identity on circadian period
Given the fru4–40/fruFLP genetic background resulted in a loss of

sexual dimorphism in fru X Clk DN3 neuron number (Figure 2),

wewanted to determine if the sex difference in DN3 neuron num-

ber is responsible for the male-specific reduction in circadian

period length with activated or silenced fru X Clk neurons (Fig-

ure 4). To better understand the fru4–40/fruFLP trans-heterozygous

allele combination, we tested males in courtship assays. Across

all metrics, fru4–40/fruFLP trans-heterozygotes had reduced court-

ship activity as compared to wild-type males, though they still

courted (Figure S10). This indicates that the fruFLP allele is a par-

tial loss of function, despite the lack of FruM stainingwe observed

in fru4–40/fruFLP (Figure 2), as previously suggested.34 Unexpect-

edly, the fru4–40/fruFLP males and females both show a reduced

circadian period when fru X Clk neurons are activated or

silenced, indicating that the large fru4–40 deficiency or genetic

background has a non-sex-specific genetic interaction causing

a reduced circadian period (Figure S10). Therefore, it is not clear

if the reasonsmales show a reduced circadian periodwhen fruX
Clk neurons are either activated or silenced is due to differences

in DN3 neuron number.

fru X Clk neuronal activity impacts activity
We also examined activity when fru X Clk neurons are either

activated (TrpA1) or silenced (Kir2.1), in 12-h light and 12-h

dark conditions (LD), using strain-background-matched condi-

tions (Figure S11). When fru X Clk neurons are activated

(TrpA1), males have increased LD activity (left panel), whereas

the male controls all have similar activity (right panel). This ap-

pears to be due to an increase of nighttime activity in males

when fru X Clk neurons are activated (TrpA1) (Figure S11).

Across all genotypes, males are less active than females, in to-

tal daily activity, except when males fruX Clk neurons are acti-

vated (Figure S11). To determine if there are structural differ-

ences in activity in LD, we examined averaged activity data

across day and night. Males of all three genotypes show a rapid

reduction in activity after lights-on (ZT 0), compared to females,

and a longer afternoon siesta, as previously reported.1 One

trend in the data is that males (red; Figure S11) and females

(pink; Figure S11) with fru X Clk neurons silenced (Kir2.1)

reduced their activity more quickly after lights-on. Consistent

with our observation that males with activated fru X Clk neu-

rons (TrpA1) have increased nighttime activity, these males

show a much larger peak in activity after lights-off (dark green;

ZT12; Figure S11) and continue to remain more active during

the night.

(A–C) All flies are strain matched. All boxplots are Tukey boxplots that include the data from rhythmic flies. The letters above the boxplot indicate significant

differences within sex (Kruskal-Wallis with Dunn’s multiple comparisons). If two groups share a letter, this indicates that the p value for the pairwise comparison

between them was not smaller than 0.05. The asterisk above the male data indicates within genotype significant differences between the sexes (Mann-Whitney

two-tailed U test; p < 0.01). See Table S1 for n. Three flies were removed in total that had activity above 60,000 counts (B and C). All data presented here were

collected using DAM5H monitors (15 beam).
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fru X Clk neuronal activity impacts reproductive
behavior
To determine the role of fru X Clk neurons in courtship, we

examined courtship behavior when these neurons are either acti-

vated or silenced. Although the TrpA1 channel is temperature

gated, all the circadian phenotypes we observed were in 25�C

conditions. It is also known that the TrpA1 channel has temper-

ature-independent activation.35 For consistent comparisons, we

test for courtship changes in the same conditions we saw circa-

dian phenotypes. We saw a significant increase in overall court-

ship when the neurons are activated (courtship index; TrpA1)

(Figure 5A) and an increase in the number of copulation

A B C

D E F

G H I

Figure 5. fru X Clk neuronal activity has impacts on reproductive behavior

(A–F) Analysis of male courtship when fru X Clk neuronal activity is altered. Courtship data show mean ± SD, with Kruskal-Wallis with Dunn’s multiple com-

parisons for statistical test, unless otherwise indicated. n = 30–32 per genotype. (A) Courtship index measured as the time spent following divided by the total

observation time. (B) Wing index measured as the time spent wing extending divided by the total observation time. One-way ANOVA with Tukey’s multiple

comparisons for statistical test. (C) Number of attempts per minute of observation time. One-way ANOVA with Tukey’s multiple comparisons for statistical test.

(D) Latency to following in seconds. (E) Latency to wing extension in seconds. (F) Latency to attempt in seconds. Flies that do not attempt are not included in the

analysis.

(G–I) Courtship indices of males that were placed in the courtship assay following an initial mating. n = 31–34. Kruskal Wallis with Dunn’s multiple comparisons for

statistical analysis. (G) Courtship index (H) Wing extension index. (I) Attempts per minute. For all analyses, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. The

genotypes are w+, Clk856-Gal4/+; fruFLP/+ (controls), 2) w; Clk856-Gal4/UAS <stop <TrpA1; fruFLP/+. (TrpA1 activated), and 3) w; Clk856-Gal4/UAS <stop

<Kir2.1; fruFLP/+. (Kir2.1 silenced).
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attempts/per minute (Figure 5C), suggesting that fru X Clk neu-

rons have a role in courtship timing or gating (Figures 5 and S12).

To determine if mating status would reveal additional roles for

fruX Clk neurons, we examined courtship, mating, activity, and

sleep in males and females after mating. Post-mating, males and

females did not have differences in courtship and remating met-

rics, time to next mating, or sleep when fru X Clk neurons are

either activated or silenced (Figure S13). Across all genotypes,

mated females show a decrease in sleep at night, compared to

unmated controls, which is not impacted by activating or

silencing fru X Clk neurons. Activating or silencing the fru X
Clk neurons did not reveal post-mating differences in sleep

compared to control (w+) (Figure S13), though mated females

with silenced fru X Clk neurons (Kir2.1) had less overall activity

compared to mated controls (w+) (Figure S12). Therefore, fru X
Clk neurons do not appear to be important for post-mating

behavioral changes.

Circadian control of courtship across a 24-h period
One reason for fru to be expressed in the core clock is to

regulate the time of day when courtship occurs. Previous re-

ports indicated that courtship peaks during the night, in as-

says that used automated tools to measure behavior.36,37

Male courtship behavior of flies with activated, silenced, and

control fru X Clk neurons was recorded for 24 h in 12-h light

and 12-h dark conditions, on the third day after being loaded

into the chambers with females, to allow recovery from being

transferred and to examine courtship in a context when fe-

males will be less receptive. The 24 h of video footage were

manually coded for courtship behavior at evenly spaced inter-

vals. We find across all three genotypes that males court simi-

larly (Figures 6A and 6B). We see an increase in courtship

�2 h before lights-on, with the peak in courtship behavior at

lights-on across all three genotypes (Figures 6C–6E). We do

see that when fru X Clk neurons are activated or silenced

there is a trend to seeing more courtship during the day

(Figure 6). One possible explanation for the difference in these

results and the previous report regarding when courtship

peaks36 is that we find automated coding of videos overesti-

mates the time males spend courting because the automated

programs score flies being in close proximity to females as

courting38 (Figure S14).

A B

C

D

E

Figure 6. Circadian control of courtship across a 24-h period

(A) Courtship index (CI) over 24 h (n = 16 for each genotype).

(B) Courtship index over 12 h: data in (A) separated into day (12-h light) and night (12-h dark). (A and B) Each dot represents the % of time spent courting over a

24-h period (A) or 12-h period (B) for an individual fly. Graph shows median with interquartile range.

(C) Line graph showing the average CI. The average courtship of all 16 flies at each hour is shown. The x axis numbers indicate the ZT at the beginning of the hour.

(D) Heatmap showing median CI.

(E) The 16 dots show each fly’s CI per hour. The colored dark line shows the median CI for all 16 flies. The genotypes are the same as in Figure 5.
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DISCUSSION

We show that the fruX Clk neurons direct sex-specific changes

in circadian period length and impact male courtship behavior.

The fact that both activating and silencing the fruX Clk neurons

results in a shorter period length in males suggests that activity

modulation in these neurons is important for maintenance of

the circadian period. We found that males have more fru X Clk

DN3 neurons, whichmay account for the strongermale circadian

phenotype. An examination of the fru X Clk neurons from our

connectome annotations and a more focused analysis on the

functions of fru X Clk subsets will help address the basis for

the sex difference. Our identification of additional Gal4 trans-

genes that subset the fru X Clk neurons can be used to under-

stand the roles of smaller populations of neurons. Although a

lot is known about the clock, this study provides additional anno-

tation of the DN3 clock neurons, which is a class that is not well

understood compared to other clock neurons. Why the circadian

period length in males is more sensitive to changes in fru X Clk

neuronal activity and which neurons direct this difference is an

interesting next question. Additionally, it will be important to un-

derstand if there are additional behavioral outputs these neurons

could impact in different behavioral paradigms. Our labeling of

fru+ post-synaptic targets of the clock also show additional sex-

ual dimorphism downstream of the clock that is important to

understand.

We found a link between the clock and courtship, with activa-

tion of fru X Clk neurons changing the rate of copulation at-

tempts. Other studies have linked circadian regulatory neurons

to mating behavior39–44 and the clock Pdf neuropeptide to sex

differences in activity patterns.45 This suggests a role for fru X
Clk neurons in courtship gating or timing. Developing higher res-

olution tools to automate the quantification of courtship behavior

will address if the molecular clock resides in the fru circuit to

direct the timing of courtship across the day. Our lower powered,

manual scoring of 16 males per genotype indicates that court-

ship activity peaks around lights-on, demonstrating a link be-

tween the clock and courtship. Increasing the power of the ana-

lyses by scoring the courtship of 50–100 animals across a 24-h

period will likely yield additional roles for fru X Clk neurons, as

this is the typical number used to reveal other circadian pheno-

types. Overall, this study provides an additional model to under-

stand how neural networks that have a role in distinct behaviors

can cross-influence behavioral outcomes with co-expression of

the master regulatory transcription factors providing strong in-

roads to address the question.

Limitations of the study
The fruX Clk neurons investigated in this study are defined by a

set of molecular genetic tools. Therefore, this is not an all-en-

compassing analysis of neurons that express fru P1 and circa-

dian transcription factors. Indeed, additional populations were

identified using additional molecular genetic tools (Figures S3–

S5). In addition, this study relies on a large set of Flp-out trans-

genic tools, so an additional limitation is that we do not know if

the ‘‘stop cassettes’’ are similarly removed from each of the

transgenes. We also note that higher resolution analyses of the

confocal data, using methodologies like Sholl analysis, might

reveal additional sex differences in morphology of the fru X
Clk neurons. Finally, we were not able to test all the neuropep-

tides that are known to be released from the circadian clock neu-

rons, given we were not able to obtain antibodies.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal a-Per Rosbash Lab N/A

Rat polyclonal a-FruM Sanders and Arbeitman, 2008 N/A

Mouse monoclonal a-flag-tag Sigma Cat #: F1804 RRID: AB_262044

Rabbit monoclonal a-HA-tag Cell Signaling Cat #: 3724S RRID: AB_1549585

Chicken polyclonal a-myc-tag Invitrogen Cat #: A21281 RRID: AB_2535826

Rabbit polyclonal a-myc-tag Abcam Cat #: AB9106 RRID: AB_307014

Rabbit polyclonal a B-galactasidase Thermo Fisher Scientific Cat #: A11132 RRID: AB_221539

Rat monoclonal a-mouse CD8 Invitrogen Cat#: 14008182 RRID: AB_467087

Mouse monoclonal a bruchpilot DSHB Cat #: nc82 RRID: AB_2318466

Mouse monoclonal a-PDF DSHB Cat #: PDF C7 RRID: AB_760350

Rabbit a-GFP Alexa Fluor 488 Invitrogen Cat #: A21311 RRID: AB_221477

Goat a-rat Alexa Fluor 488 Invitrogen Cat #: A11006 RRID: AB_2534074

Chicken a V5 polyclonal 550 conjugated Novus Biologicals Cat # NB600-379R RRID: AB_3194853

Rabbit a-V5 tag polyclonal 549 conjugated Rockland Cat #: 600-442-378 RRID: AB_1961802

Goat a-rabbit Alexa Fluor 633 Invitrogen Cat #: A21071 RRID: AB_2535732

Goat a-mouse Alexa Fluor 488 Invitrogen Cat #: A11001 RRID: AB_2534069

Goat a-mouse Alexa Fluor 633 Invitrogen Cat #: A21052 RRID: AB_2535719

Goat a-rabbit Alexa Fluor 488 Invitrogen Cat #: A32731 RRID: AB_2633280

Goat a-chicken Alexa Fluor 546 Invitrogen Cat #: A11040 RRID: AB_2534097

Goat a-rat Alexa Fluor 568 Invitrogen Cat #: A11077 RRID: AB_2534121

Experimental models: Organisms/strains

D. melanogaster: w[*]; P{w[+mC]=Clk-GAL4.-856}2 Bloomington Stock Center RRID: BDSC_93198

D. melanogaster: w[*]; P{y[+t*]

w[+mC]=UAS(FRT.stop)TrpA1[myc]}VIE-260B

Bloomington Stock Center RRID: BDSC_66871

D. melanogaster: w[*]; TI{FLP}fru[FLP]/TM3, Sb[1] Bloomington Stock Center RRID: BDSC_66870

D. melanogaster: w[*];

P{w[+mC]=UAS(FRT.stop)Hsap\KCNJ2}VIE-19A/CyO

Bloomington Stock Center RRID: BDSC_67686

D. melanogaster: y[1] w[*] P{y[+t7.7]

w[+mC]=5xQUAS-nlsDsRedT4}su(Hw)attP8;

P{y[+t7.7] w[+mC]=trans-Tango}attP40/SM6b

Bloomington Stock Center RRID: BDSC_95315

D. melanogaster: w[*]; P{y[+t7.7]

w[+mC]=trans-Tango}attP40/CyO; P{y[+t7.7]

w[+mC]=10XUAS-IVS-myr::tdTomato}attP2,

P{w[+mC]=QUAS(FRT.stop)mCD8-GFP.P}5/TM6B

Bloomington Stock Center RRID: BDSC_77482

D. melanogaster: Df(3R)fru[4-40], fru[4-40]/TM6B, Tb[1] Bloomington Stock Center RRID: BDSC_66692

D. melanogaster: y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMS04334}attP40

Bloomington Stock Center RRID: BDSC_56912

D. melanogaster: y[1] sc[*] v[1] sev[21];

P{y[+t7.7] v[+t1.8]=TRiP.HMC05531}attP40

Bloomington Stock Center RRID: BDSC_64513

D. melanogaster: TI{GAL4}fru[GAL4.P1.D]/TM3, Sb[1] Bloomington Stock Center RRID: BDSC_66696

D. melanogaster: w[1118]; P{w[+mC]=UAS-tra.F}20J7 Bloomington Stock Center RRID: BDSC_4590

D. melanogaster: Canton S +/+;+/+;+/+;+/+ Heberlein Lab N/A

D. melanogaster: w[1118];;; Well Genetics N/A

D. melanogaster: w; UAS-FruMA7 Stephen Goodwin Lab N/A

D. melanogaster: w; UAS-FruMB25 Stephen Goodwin Lab N/A

D. melanogaster: w; UAS-FruMC1 Stephen Goodwin Lab N/A

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The model system used in this study is Drosophila melanogaster.

Drosophila husbandry and genetic strains
All strains, unless otherwise indicated, are aged in humidified incubators at 25�C on a 12-hr light and 12-hr dark cycle. The laboratory

Drosophila media composition is: 33 l H2O, 237 g agar, 825 g dried deactivated yeast, 1560 g cornmeal, 3300 g dextrose, 52.5 g

Tegosept in 270 ml 95% ethanol and 60 ml propionic acid. To control for impacts of strain background on several of the behavioral

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

D. melanogaster: w[1118]; PBac{y[+mDint2]

w[+mC]=10xUAS(FRT.stop)myr::smGdP-HA}VK00005

P{y[+t7.7] w[+mC]=10xUAS(FRT.stop)myr::smGdP-V5-

THS-10xUAS(FRT.stop)myr::smGdP-FLAG}su(Hw)attP1

Bloomington Stock Center RRID: BDSC_64093

D. melanogaster: w; Tsh-GAL80 Julie Simpson Lab N/A

D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC]=R67F03-p65.AD}attP40/CyO;

MKRS/TM6B, Tb[1]

Bloomington Drosophila

Stock Center

RRID: BDSC_70786

D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC]=R77H08-GAL4.DBD}attP2

Bloomington Drosophila

Stock Center

RRID: BDSC_69630

D. melanogaster: TI{2A-GAL4}AstC[2A-GAL4]/CyO Bloomington Drosophila

Stock Center

RRID: BDSC_84595

D. melanogaster: w[*];

TI{2A-GAL4}Dh44[2A-GAL4]/TM3, Sb[1]

Bloomington Drosophila

Stock Center

RRID: BDSC_84627

D. melanogaster: w[*]; TI{2A-GAL4}sNPF[2A-GAL4]/CyO Bloomington Drosophila

Stock Center

RRID: BDSC_84706

D. melanogaster: TI{2A-GAL4}AstA[2A-GAL4] Bloomington Drosophila

Stock Center

RRID: BDSC_84593

D. melanogaster: TI{2A-GAL4}CNMa[2A-GAL4]/TM3, Sb[1] Bloomington Drosophila

Stock Center

RRID: BDSC_84619

D. melanogaster: TI{2A-GAL4}Dh31[2A-AC.GAL4]/CyO Bloomington Drosophila

Stock Center

RRID: BDSC_84623

D. melanogaster: w[1118]; P{w[+mC]=UAS-tim-GAL4}2 Bloomington Drosophila

Stock Center

RRID: BDSC_80941

D. melanogaster: w[*]; P{y[+t7.7]

w[+mC]=UAS-Crtc.GFP}attP40/CyO;

PBac{y[+mDint2] w[+mC]=UAS-

mCD8.mCherry-T2A-lacZ.nls}VK00005/TM2

Bloomington Drosophila

Stock Center

RRID: BDSC_99656

D. melanogaster: w[1118]; P{y[+t7.7]

w[+mC]=10xUAS(FRT.stop)myr::smGdP-FLAG-THS-

10xUAS(FRT.stop)myr::smGdP-cMyc}su(Hw)attP5

Bloomington Drosophila

Stock Center

RRID: BDSC_62122

D. melanogaster: P{w[+mC]=cry-GAL4.Z}24,

w[*]; P{w[+mC]=Pdf-GAL80.S}96A/CyO

Bloomington Drosophila

Stock Center

RRID: BDSC_80940

Software and algorithms

Image J Schneider et al.47 https://imagej.nih.gov/ij/

ShinyR-DAM Cichewicz and Hirsh,32 https://karolcichewicz.

shinyapps.io/shinyr-dam/

ZEN Blue 3.6 Zeiss www.zeiss.com

AnimalTA Chiara and Kim,38 http://vchiara.eu/index.php/

animalta/animalta-illustrations

Graphpad Prism version 10.0.0 Graphpad Inc. www.graphpad.com

Other

Drosophila Activity Monitor (DAM) Trikinetics https://trikinetics.com

LSM 900 Confocal Microscope Zeiss https://zeiss.com
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studies the following genes/transgenes were introgressed for five generations into a common w1118 genetic background obtained

from Well Genetics (Taiwan): w+ (control), UAS <stop <TraA1::myc, and UAS<stop<Kir2.1. Virgin females from these strains were

crossed toClk856-Gal4; fruFLPmales to perform experiments on circadian period length and activity (Figures 4 and S7–S9) and court-

ship (Figures 5, 6, and S10–S12). All flies in these experiments had wild type eye color. All females used in this study are virgin, unless

otherwise indicated.

METHOD DETAILS

Immunostaining and microscopy
Adult brains and VNCs were dissected and imaged as previously described.3 Both primary and secondary antibodies were diluted in

TNT (Tris-NaCL-Triton buffer; 0.1 M Tris–HCl, 0.3 M NaCl, 0.5% Triton X-100). All confocal microscopy was performed on a Zeiss

LSM 900 system, with Zeiss Plan-Apochromat 20x/0.8 and 63x/1.4 objectives. The z-stack slice interval for all images was 1.0mm

or 2.0mm. A 1 Airy Unit (AU) pinhole size was selected in Zeiss software (ZEN Blue 3.6) for each laser line: 488 nm: 38 mm;

555 nm: 34 mm; and 639 nm: 39 mm. All images were acquired in 16-bit grayscale space at 10243 1024 or 512 x 512 pixel resolution

(0.19x or 0.39x Nyquist Sampling) with bidirectional scanning.

The primary antibodies are rabbit a-Per (1:500; gift from Michael Rosbash), Rat a-FruM (1:200),48 Mouse a-flag (1:500; Sigma,

F1804), Rabbit a-HA-tag (1:300; Cell Signaling, 3724S), Rabbit a-Myc-tag (1:1000; Abcam, ab9106),Chicken a-Myc (1:1000; Invitro-

gen, A21281), Mouse a-PDF (1:1000; DSHB, PDF C7), Rabbit a-beta-galactosidase (1:500; Thermofisher, A11132), Rat a-mouse-

CD8 (1:100; Invitrogen, 14008182), Mouse a-bruchpilot (1:500; DSHB, nc82). The secondary antibodies are: Rabbit a-GFP 488

(for Tango with Flp-out; 1:500; Invitrogen, A21311), Goat a-rat 488 (for anti-Fru; 1:500; Invitrogen, A11006), Rabbit a-V5 tag 549

(for MCFO,1:500; Rockland, 600-442-378), Chicken a-V5 tag 550 (for MCFO, 1:500; Novus Biologicals, NB600-379R), Goat a-rabbit

633 (for MCFO, 1:500; Invitrogen, A21071), Goat a-mouse 488 (for MCFO,1:500; Invitrogen, A11001), Goat a-mouse 633 (for Flag,

1:500; Invitrogen, A21052), Goat a-rabbit 488 (for Per andMyc-tag and beta-galactosidase,1:500; Invitrogen, 32731), Goat a-chicken

546 (for myc, 1:500; Invitrogen, A11040), Goat a-mouse 633 (for Pdf, 1:500; Invitrogen, A21052), Goat a-Rat 568 (for mCD8, 1:500;

Invitrogen A11077).

Quantification of neuron numbers
Toquantify fruXClkMCFOneurons and the trans-Tangopost-synaptic fru targets, confocal imageswereblinded, andcell bodies and

morphological structures were scored independently by 2 or 3 people using Zeissmicroscopy software ZENBlue 3.6. To ensure con-

sistency across individuals scoring, we performed statistical tests on averaged cell body counts across the independent observers.

The results were consistent across averaged counts and within each observer’s counts. Number of samples used for cell-counting

data is reported in the results sections.

Circadian assays
Circadian assays were performed using Trikinetics DAM5H (15 beam) and DAM IV (single beam) Drosophila activity monitors (Triki-

netics, Waltham, MA) and all data was collected in 1 minute bins using DAM System 311. Flies were collected Monday –Wednesday

and loaded into 5x65mm glass tubes that contained our standard laboratory food. Tubes containing the flies were kept in a LD 12:12

humidified incubator until being loaded into activity monitor on Friday. The incubator was sealed with tin foil to prevent any light leak-

ing in. The light:dark (LD) assay was conducted at 25�C on a 12-hr:12-hr LD cycle and beam cross activity was recorded in one min

bins for 15 days. Incubator lights turned on at 9 am and off at 9 pm. This resulted in 13 days of data analyzed for all genotypes in the LD

assay. In the dark:dark (DD) assay, flies were first entrained and aged at 25�C on a 12-hr:12-hr LD cycle for 5-7 days, allowing for

2 days of LD data for analysis. Next, we switched to a 12-hr:12-hr DD cycle for 12 days allowing for 11 days of data analyzed for

DD conditions and circadian period (constant darkness for 12 days). Beam cross activity for the DD assay was recorded in 1-min

bins. Data were analyzed using ShinyR-DAM for both assays, excluding the first and last day the flies were placed in the incubator.

Dead flies were considered those with less than 50 beam cross events per day and were removed from the analyses. ShinyR-DAM

analysis of sleep was only performed on LD assay data. ShinyR-DAM measures sleep events using a 5-min sliding window, where

5min of inactivity is considered a sleep event. Circadian period analysis was performed in ShinyR-DAM using the DD assay data. The

default ShinyR-DAMparameters were used as follows: Chi-Sq testing range of 18–30 hr, a Chi-Sq period testing resolution of 0.2, and

a rhythmicity (circadian strength) threshold for filtering arhythmic individuals (Qp.act/Qp.sig) of 1.

Per time series
0-24 hour-old control and experimental flies were collected and individually housed on days 1-4. On day 3-4 they began entrainment

in LD (12:12) at 25�C. After 6-9 days of entrainment, the flies were placed in DD for 7-8 days until dissection on day 7-8. Flies were 14-

16 days old at dissection. For DD conditions, individually housed flies were wrapped in aluminum foil, placed in light-proof mylar

bags, and kept in a dark incubator at 25�C for 7-8 days until dissection. Incubator LD entrainment times were varied while dissections

were performed at the same time of day, resulting in different zeitgeber times at dissection. For each dissection, individual vials of

10-15 flies were removed from the light-proof bags, aluminum foil unwrapped, and flies were anesthetized on a CO2 pad. Flies were

euthanized and permeabilized in 100%ethanol for 2-10 seconds, washed in PBS, and fixed in 4%paraformaldehyde in PBS (PFA) for
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15 minutes. Fly heads were decapitated during PFA incubation. Brains were then dissected and fixed for an additional 10 minutes in

4% PFA and processed using our standard immunohistochemistry protocol, as described previously. Brains were incubated over-

night at 4�C in primary antibodies, then washed in TNT and incubated in secondary antibody for 4-6 hours at room temperature (18-

22�C) with gentle rocking. Brains were scanned on the confocal microscope with 20x air and 63x oil immersion objectives.

Immunostaining quantification for per time series
Confocal settings were kept consistent across all scans. Confocal scans were captured in 16-bit grayscale space using a 63x oil

immersion lens at 0.45x digital zoom with bidirectional scanning and 1um or 2um z-slices. Pixel resolution was 512x512 or

1024x1024 (0.19x or 0.39x Nyquist Sampling). Confocal scan files (.czi) were quantified in ImageJ (Fiji) using the Bio-Formats

Importer plugin. Individual cells of circadian neuron populations were identified based on location, morphology, and intensity of

the PDF, PER, and myc signals. Nuclear regions of interest (ROIs) were drawn manually on a single slice of the z-stack for each

cell of interest (1 cell = 1 ROI = 1 slice). Average Per staining pixel intensity was measured from nuclear ROIs. Average background

pixel intensity wasmanually drawn as a representative region surrounding the cell population. Normalized Values = (Nuclear Signal –

Background)/Background. Within hemibrains, each cell of a population was measured against a single common background for

that population. Representative images were processed and exported using ImageJ. Maximum intensity projections were gener-

ated of z-stacks for circadian neuron populations. ‘‘Auto’’ Brightness and Contrast settings were applied to each channel of

maximum projections in ImageJ. Scale bars = 10um.

Courtship and mating assays
For male courtship assays, all male flies were collected within 0-6 hours post-eclosion and aged individually for 5-10 days in an incu-

bator at 25�C on a 12-hr light/12-hr dark cycle. Female Canton S virgin flies were collected, and group housed in groups of�10 in an

incubator at 25�C on a 12-hr light/ 12-hr dark cycle for 5-10 days. The assays were performed using a 10mm 8-well courtship cham-

ber set on a 25�C -temperature block between ZT5 to ZT8. Courtship activity was recorded for 10 minutes or until successful copu-

lation (n=�30). Video recordings were analyzed blinded using Nodulus Observer XT software. Courtship Index and Wing Index were

measured by dividing the time the experimental male fly spent doing each respective behavior toward the female by the total obser-

vation time. Attempted copulations per minute, successful copulations and latency to all courtship behaviors were also recorded per

experimental male genotype. For male remating assays, males were placed in a mini-vial with one virgin Canton S at ZT5-8 and al-

lowed to mate. Males that mated were immediately assayed with a new virgin in courtship chambers, as above.

For female mating assays all female flies were collected as virgins and aged in groups of �10 in an incubator at 25�C on a 12-hr

light/12-hr dark cycle for 5-10 days. The Canton S males were individually aged as above for courtship. Latency to successful copu-

lation was measured in courtship chambers, as described for male mating. For female remating assays, virgins of the experimental

genotypes were single housed in mini-vials, as were Canton S males, and aged for 5-10 days 25�C on a 12-hr light/12-hr dark cycle.

At ZT0-2 males were added to the female vials and mating was observed.

GraphPad Prismwas used to perform statistical analysis and determine statistical significance using nonparametric Kruskal-Wallis

ANOVA test with Dunn’s post-hoc correction for courtship index, all latency data and all remating data. A one-way ANOVA with Tu-

key’s Multiple Comparisons was conducted on wing index and attempts per minute data from our initial mating assay. The fru4-40

courtship data was analyzed in Prism using a Mann-Whitney U Test.

Courtship assay over 24-hours
Flies that were video recorded were maintained in 12-hours light/12-hours dark conditions for the entire experiment. 5–10-day old

male (individually housed) and virgin females (group housed) flies were added to a 24-well dish with 2mL of 20mM sucrose, and

0.75% agarose food. On day 3, after being housed in the 24-well dish, flies were recorded for 24-hours. Recordings were conducted

using a PointGrey GRAS-20s4C-C camera and a 720nM IR lens. Flies were placed above an IR illuminated surface, and temperature

was maintained at 25 C. Camera settings: 1024x768 15 fps. Video was recorded using OBS.

For manual coding, videos were segmented into 1-hour batches. Manual coding of any male courtships behavior was done for six

evenly spaced 90 second intervals, for each hour. For each 90 second interval, males were either scored as courting or not courting,

based on visual observation.

To score the videos using automated tracking, the videos were added to the AnimalTA platform, backgrounds were automatically

generated, and flies were tracked using background subtraction. Tracked data was interpolated to remove missing values. x/y po-

sitions of flies were analyzed using the AnimalTA software and courtship was defined as any period where the flies were within 5 mm

of each other. Courtship Index is the % of time the flies were within 5 mm for each hour.

Post-mating locomotor assay
Males 0-6 hours post-eclosion and virgin females were collected and aged individually for 5-10 days in mini-vials in an incubator at

25�C on a 12-hr light: 12-hr dark cycle. Matings were done in mini-vials from ZT0-ZT2 with the males or females of the experimental

genotype being mated to a Canton S female or male, respectively. Following mating, both mated and unmated flies of the experi-

mental genotype were placed individually in circadian vials, without anesthesia. Circadian vials were put into a DAM system to

monitor activity immediately after mating, under LD conditions. Activity counts were collected starting at ZT 3 for 13 hours. For
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daytime sleep, activity of mated females was analyzed from ZT 3-12 on day 1. For nighttime sleep, activity of mated females was

analyzed from ZT12-15 on day 1, using a 1-minute sliding window analysis in excel to find 5-minute windows of inactivity.

ShinyR-DAM was used to analyze activity from ZT 3-15 on day 1.

QUANTIFICATION AND STATISTICAL ANALYSES

The software used for statistical analyses was GraphPad Prism. All details can be found in the figure legends and STAR Methods

section, including statistical test used, exact value of n, values plotted, and dispersion metrics. All symbols and p-values are

described in the figure legends. Further details (e.g. Mann-Whitney U, etc.) are available in Table S2.
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