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Male sex drive rhythm (MSDR) in Drosophila is a circadian behavior
only observed in the social context ofmale-female pairs. In the pres-
ence of a female, males exhibit long periods of courtship activity
with a pronounced rest phase at dusk, although isolated males ex-
hibit an activity peak at dusk. Themolecularmechanisms regulating
the switch between these activity patterns are unknown. Here, we
genetically manipulate the molecular clock in different subsets of
neurons and find that proper oscillation of the molecular clock in
ventral lateral neurons is essential forMSDR. These neuronsexpress
pigment-dispersing factor, the lack of which disrupts MSDR. Fur-
thermore, we show that a cluster of dorsal neurons (DN1s) requires
the molecular clock to synchronize the trough phase at dusk in
MSDR and to establish the evening peak in single fly locomotor
rhythm (SLR). Finally, we provide evidence that DN1s exert their
roles in MSDR and SLR via distinct signaling pathways.
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Circadian rhythms regulate many cellular processes to optimize
physiology, metabolism, and behavior to daily fluctuations of

environmental conditions. WT Drosophilia melanogaster males
show two locomotor activity peaks under standard light/dark
(12:12 LD) cycles, one in the morning and a second one around
dusk. This activity rhythm is sustained without external stimuli,
such as in constant darkness (12:12 DD), by the intrinsic molec-
ular clock in the brain. InDrosophila, the intrinsic molecular clock
is controlled by two clock regulators, PERIOD (PER) and TIME-
LESS (TIM), both of which are expressed in small groups of
neurons (clock neurons), where they oscillate in a 24-h fashion
and, in turn, negatively regulate the activity of two transcription
factors, CLOCK (CLK) and CYCLE (CYC) (1). CLK and CYC
control expression of hundreds of genes believed to play specific
roles in the circadian modulation of many behaviors and physio-
logical processes (2, 3). The clock neurons can be subdivided into
six distinct clusters: small and large ventral lateral neurons (sLNvs
and lLNvs), dorsal lateral neurons (LNds), and three groups of
dorsal neurons (DN1s, DN2s, and DN3s) (4). LNvs are essential
for establishing the morning activity peak, whereas both LNds and
LNvs, are required for the evening activity peak in DD (5, 6).
Although locomotor activity is the most investigated circadian

behavior in Drosophila, other behaviors, including courtship and
mating (7–9), are under strong circadian influence. We recently
demonstrated that male courtship and locomotor activity exhibit
a typical cycling pattern when males are paired with females. In
contrast to single fly locomotor rhythm (SLR), this courtship
rhythm, called male sex drive rhythm (MSDR), is characterized by
a trough at subjective dusk, followed by a sharp increase of prox-
imity encounters (i.e., courting) that peak during the subjective
night (9). per0 and perS mutant males show arrhythmic and short-
period (19.5 ± 0.4 h, n = 14) MSDR, respectively, when they are
paired with WT females (9). Moreover, pairs in which males and
females were entrained in different time zones exhibit MSDR
synchronized with the male’s internal clock (9). These findings
suggest that MSDR depends on the intrinsic molecular clock of
males, at least under the experimental conditions used in this study.

Results
Molecular Cycling (Clock) in a Subset of Clock Neurons Is Required for
MSDR. Asynchrony of MSDR and SLR is characterized by an
activity peak and trough at dusk, respectively, and therefore raises
intriguing questions. Are the same neural networks that control
SLR also necessary for MSDR, and what are the genetic regu-
lators and molecular mechanisms that switch the activity pattern
of single males to that of males paired with females? To address
these questions, we disrupted the molecular clock in different
groups of neurons using the binaryGAL4/UAS expression system
(10) and by exploiting the dominant negative effect of the CYCΔ
protein (11). Unlike effectors that induce cell death, CYCΔ
specifically blocks the cycling of the molecular clock but appears
not to affect other neuronal functions (6, 11). To facilitate com-
parison among different GAL4 drivers, we assigned a single nu-
merical value to each genotype— the courtship rest index (CRI),
defined as the ratio of the means of courtship during the whole
day and around dusk [circadian time (CT) 10 to CT14].
We first tested the potency of the CYCΔ protein by combining

UAS-CYCΔ with the panneuronal driver C155-elav-GAL4 (12)
(Fig. 1A). Control (UAS-CYCΔ/+ and C155-elav-GAL/+) and
WT (Oregon-R) males exhibit a CRI of ∼1.4, which is indicative of
a trough of courtship activity at dusk that defines a robust MSDR,
whereas C155-elav-GAL4;UAS-CYCΔ males have a CRI of ∼1.1
(P < 0.0001; Fig. 1B), which reflects an almost even distribution of
courtship activity throughout the day. We then determined the
CRI of 40 CNS- and peripheral nervous system-specific GAL4
drivers in males that also carry UAS-CYCΔ. Six drivers produced
a significant (P < 0.01) reduction in the CRI when compared with
control or WT males (Fig. 1C and Table S1). The largest re-
duction was observed with cry-GAL4_2 (Experimental Procedures
and Fig. S1A) and tim-GAL4, which are expressed in the core
clock neurons in the brain (4, 13). The other lines were c370,
reported to be expressed in broad areas of the CNS, including the
mushroom bodies (MBs); c772, which appears largely restricted
to theMBs (14); and c319, which is expressed sparsely throughout
the brain (Fig. S1B). Finally, the CRI was also strongly reduced
with the fruGAL4 driver, which is expressed in a cellular network
that constitutes a neural circuit for male courtship (15).
Except for cry-GAL4 and tim-GAL4, the expression of the

other GAL4 drivers reducing the CRI when combined with
CYCΔ has not been examined in clock neurons. We therefore
determined whether these lines showed expression in some or all
clock neurons by performing double-labeling experiments using
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anti-PER and anti-GFP antibodies on the brains of GAL4/UAS
flies. c370 and c772 showed expression in all LNvs and LNds (Fig.
S1C), whereas c319 showed strong expression in many DN1s and
in one or two cells of the lLNv and LNd clusters (Fig. 1D).We note
that anotherGAL4 driver exclusively expressed in DN1s (Clk4.4F-
GAL4; refs. 16 and 17) caused the same phenotype as c319 when
driving UAS-CYCΔ (Fig. S2, Table 1, and Table S2). Finally,
fruGAL4 is strongly expressed in all sLNvs and LNds, in many

DN1s, and occasionally in a single lLNv. These results indicate
that all theseGAL4 drivers are expressed in at least one of the six
clock neuron clusters. However, there is no cluster common to all
drivers, suggesting that the molecular clock in multiple groups of
clock neurons is involved in establishing MSDR.

Pigment-Dispersing Factor Signaling Is Essential for MSDR. LNvs,
which express pigment-dispersing factor (PDF), play a critical role in

Fig. 1. Expression of CYCΔ in clock neurons interferes with MSDR. (A) Ectopic expression of CYCΔ in all neurons (Right) abolishes the distinct trough of
courtship activity around subjective dusk, while males containing only the driver or reporter alone (two graphs in the Center) show the same MSDR as WT
males (Left; n = 16–48). Error bars denote SEM. Two consecutive 24-h periods of the data of time in proximity (time points 13–60) were pooled and are shown
as a single 24-h interval. All behavioral tests were done under the DD condition in this study; thus, all black and gray bars indicate subjective night and
subjective day, respectively. (B) Loss of MSDR results in a significant reduction of the CRI (****, P < 0.0001, Kruskal–Wallis ANOVA test). Error bars denote
SEM. (C) Expression of CYCΔ by the indicated GAL4 drivers reduced the CRI. Levels of significance (**, P < 0.01; ***, P < 0.001; ****, P < 0.0001) were
determined in comparison to +/UAS-CYCΔmales, except for UAS-CYCΔ/c772-GAL4 (compared with +/c772-GAL4) (n = 16–55). Error bars denote SEM. Based on
the results of Fig. 2D and Fig. S1C, the expression pattern of GAL4 drivers in each clock neuron cluster is indicated as +. (D) Brains of indicated genotypes were
stained at ZT2 with anti-PER (magenta) and anti-GFP (green) antibodies. The number of GFP-positive cells in each cluster is indicated in the appropriate frame
(n > 8 hemispheres). In this study, all brain hemispheres are oriented with the central brain on the left and optic lobe on the right unless otherwise stated. The
images depicting lLNvs may include the PDF-negative fifth sLNv cell, and the DN1s may include some DN2 cells. (Scale bar: 10 μm.)
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SLR. For example, the genetic ablation of these cells leads to the loss
of behavioral rhythms in DD (6, 18). Moreover, Pdf01 mutant flies
lack SLR in DD (19). Although a Pdf-GAL4 driver, combined with
UAS-CYCΔ, did not result in a significant reduction of theCRI in our
initial screen (Table S1), a second and presumably more active LNv-
specific driver [Mz520-GAL4 (5)] caused severe MSDR (Table 1)
and SLR (Table S2) phenotypes, suggesting that LNvs are indeed
necessary for generating MSDR. Although theMz520-GAL4 driver
appears to be expressed in one additional (nonclock) neuron per
hemispherewhen comparedwithPdf-GAL4 (Fig. S2), suppressionof
CYCΔ in clock neurons by Pdf-GAL80 is sufficient to rescue both
SLR and MSDR phenotypes in Mz520-GAL4;UAS-CYCΔ males
(Table 1 and Table S2). A crucial role for the LNvs in MSDR is
further supported by the finding that Pdf01 mutant males and males
lacking PER expression in LNvs (C155-elav-GAL4 per0;Pdf-GAL80/

UAS-per) also exhibited a strong MSDR phenotype (Table 1 and
Table S2). Pdf-GAL80 is expressed in all PDF-positive LNvs (6) and
represses transcription of the UAS reporter in these cells. Taken to-
gether, these results indicate that amolecular clock in LNvs plays not
only a crucial role for SLR but represents a critical cellular compo-
nent for proper MSDR.
The experiments described thus far address which cells are

necessary to generate MSDR. To determine which clock neurons
are sufficient for MSDR, we first combined UAS-CYCΔ and
fruGAL4 with Pdf-GAL80 or cry-GAL80. cry-GAL80 is expressed in
all LNvs and LNds and in some DN1s (6) (Fig. S3A). Restoration
of the clock in a majority of clock neurons (UAS-CYCΔ/cry-
GAL80 fruGAL4) rescued MSDR and SLR, whereas restoration of
the molecular clock in PDF neurons (compare UAS-CYCΔ/Pdf-
GAL80/fruGAL4 with UAS-CYCΔ/fruGAL4 controls) only rescued

Table 1. MSDRs for 5 days in DD

Genotype sLNv lLNv LNd DN1
Total
flies, n

Rhythmic
flies (%)

Period,
h Power

Trough
phase

Phase
concentration

Oregon-R 15 11 (73) 23.7 ± 0.1 124 ± 15 −10.8 0.96
UAS-CYCΔ/+ 17 12 (71) 23.6 ± 0.2 88 ± 12 11.9 0.91
Mz520-GAL4/+ 32 21 (66) 23.4 ± 0.1 102 ± 12 −11.4 0.94
c319-GAL4/+ 32 25 (78) 23.9 ± 0.1 126 ± 10 −10.9 0.96
Clk4.4F-GAL4/+ 32 25(78) 23.2 ± 0.3 111 ± 11 −10.5 0.88
cry-GAL4_2/+ 17 13 (76) 23.9 ± 0.2 91 ± 17 −10.4 0.94
fruGAL4/+ 26 17 (65) 23.9 ± 0.4 80 ± 9 −11.0 0.68
Pdf-GAL80/+;fruGAL4/+ 18 11 (61) 24.1 ± 0.4 109 ± 17 −11.1 0.82
cry-GAL80 fruGAL4/+ 14 10 (71) 23.3 ± 0.2 124 ± 17 −10.2 0.94
Pdf-GAL80/+ 16 14 (88) 23.7 ± 0.1 121 ± 14 −11.1 0.99
Pdf01 27 4 (15) 25.2 ± 1.4 51 ± 18 10.0 0.54†

fruGAL4 30 2 (7) 28.5 ± 2.8* 43 ± 5 4.9 1.00†

Mz520-GAL4/UAS-CYCΔ + + 12 0 (0) — — — —

Mz520-GAL4 Pdf-GAL80/
UAS-CYCΔ

14 14 (100) 23.2 ± 0.1* 84 ± 13 −10.9 0.95

c319-GAL4/UAS-CYCΔ + 27 6 (22) 23.3 ± 0.9 51 ± 8 −7.1 0.32†

UAS-CYCΔ/+;Clk4.4F-GAL4/+ + 27 4 (15) 24.7 ± 1.9 62 ± 26 −5.5 0.79†

UAS-CYCΔ/+;cry-GAL4_2/+ + + + + 16 0 (0) — — — —

UAS-CYCΔ/+;fruGAL4/+ + + + 37 9 (24) 23.0 ± 1.0 62 ± 13 −9.0 0.62†

Pdf-GAL80/UAS-CYCΔ;
fruGAL4/+

+ + 27 8 (30) 22.8 ± 0.7 51 ± 7 −7.9 0.71†

UAS-CYCΔ/+;cry-GAL80
fruGAL4/+

26 13 (50) 23.4 ± 0.3 117 ± 15 −10.3 0.92

C155-elav-GAL4 per0 w;
UAS-per2/+

+ + + + 24 19 (79) 24.4 ± 0.3* 93 ± 8 −10.9 0.85

C155-elav-GAL4 per0 w;
Pdf-GAL80/+;UAS-per2/+

+ + 26 1 (4) 21.7 38 −2.6 1.00†

per0 w;UAS-per16/+ 18 1 (6) 30.0 25 0.5 1.00†

per0 w;Mz520-GAL4/+;
UAS-per16/+

+ + 43 26 (60) 24.0 ± 0.5 78 ± 6 10.3 0.41†

per0 w;Mz520-GAL4
Pdf-GAL80/+;UAS-per16/+

7 1 (14) 23.7 88 11.8 1.00†

per0 w;c319-GAL4/+;
UAS-per16/+

+ 30 10 (33) 23.8 ± 0.5 75 ± 12 −8.9 0.82

per0 w;Clk4.4F-GAL4/UAS-
per16

+ 22 4 (18) 24.5 ± 0.3* 57 ± 12 −9.6 0.90†

per0 w;Mz520-GAL4
c319-GAL4/+;UAS-per16/+

+ + + 36 20 (56) 23.0 ± 0.3* 87 ± 9 −11.2 0.74

per0 w;UAS-per16/cry-GAL4_2 + + + + 32 19 (59) 22.5 ± 0.6* 88 ± 11 −10.2 0.69
per0 w;UAS-per16/fruGAL4 + + + 33 20 (61) 25.8 ± 0.4* 82 ± 10 −11.0 0.77

Genotypes in bold show significant (χ2 test, P < 0.05) decreases in the fraction of rhythmic flies compared with Oregon-R. Clock neurons expressing UAS-
CYCΔ or UAS-per in each genotype are indicated by a +. All per0-rescue flies except C155-elav-GAL4 per0 w;Pdf-GAL80/+;UAS-per2/+, per0 w;Mz520-GAL4 Pdf-
GAL80/+;UAS-per16/+, and per0 w;Clk4.4F-GAL4/UAS-per16 show significant (χ2 test, P < 0.05) increases in the fraction of rhythmic flies compared with per0 w;
UAS-per16/+.
*Significant (Kruskal–Wallis ANOVA test, P < 0.05) period difference compared with Oregon-R.
†Low phase concentration (Rayleigh test, P > 0.01).
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SLR (Table 1 and Table S2). We then carried out rescue experi-
ments in per0 mutant males by expressing UAS-per under the con-
trol of variousGAL4 drivers. Restriction of PER to the majority of
clock (cry-GAL4_2) or FRUM-positive (fruGAL4) neurons showed
robustMSDR, albeit altered period lengths (Table 1). PER nuclear
accumulation at Zeitgeber time (ZT) 2 was observed in the clock
neurons expressing these drivers (Fig. 2A). Surprisingly, PER ex-
pression restricted to LNvs (per

0;Mz520-GAL4/UAS-per) restored
MSDR well, with normal period length, albeit with a slightly ad-
vanced trough phase and lower phase concentration (Fig. 2B andC
and Table 1). This result indicates that the molecular clock in LNvs
is sufficient for establishing the basic features of MSDR, whereas
the timing of the courtship rest is poorly synchronized among dif-
ferent flies. When PER expression was restricted to DN1s (per0;
c319-GAL4/UAS-per and per0;Clk4.4F-GAL4/UAS-per), the num-
ber of flies with MSDR increased but was still significantly lower
than inWTmales (P< 0.05; compare with per0;UAS-per/+ andOre-
R, respectively; Table 1).
Because PER expression in LNvs or DN1s alone rescued

MSDR partially in per0 males, we wondered whether combining
PER expression in these neurons might rescue MSDR com-
pletely. We generated per0 males with both drivers and UAS-per
(per0;Mz520-GAL4 c319-GAL4/UAS-per). Indeed, both the
number of flies with robust MSDR and their phase concentration
were restored to the level of WT males (Fig. 2 B and C and Table
1). We suggest that Pdf neurons are necessary and sufficient to
produce the basic features of MSDR (i.e., large number of
rhythmic flies), whereas the DN1 neurons are essential for phase
concentration (i.e., synchronicity among males) and for setting
the trough phase at dusk. Interestingly, per0;Mz520-GAL4 C319-
GAL4/UAS-per flies also show restoration of the evening peak in
SLR, albeit their phase is advanced by about 3.5 h (Fig. 2D andE).

Discussion
DN1 Clock Neurons Have Distinct Roles in MSDR and SLR. Our anal-
yses revealed that LNvs play a crucial role in MSDR. This is not
surprising, given the prominent role that these cells play in estab-
lishing SLR in DD and the central position they occupy in the
neural circuitry of the clockcell network.However,wealsofind that
DN1s provide critical but distinct functions for establishing more
complex features of MSDR and SLR, respectively. Interestingly,
bothhigh (per0;Mz520-GAL4/UAS-per) and low (c319-GAL4/UAS-
CYCΔ) CLK/CYCactivity inDN1s ofmales leads to the same basic
SLRphenotype, namely, the lackof a distinct eveningpeak (5) (Fig.
2E), but these manipulations affect MSDR differently. High CLK/
CYC activity in DN1s leads to the spreading of the trough phase
(Fig. 2 B and C), which exhibits tight coherence at dusk in WT
males, whereas lowCLK/CYC activity in these cells causes a loss of
MSDR altogether. How can these CLK/CYC activity-dependent
distinct phenotypes of MSDR be explained? We suggest two
models, whereby signaling molecule(s) released fromDN1s act on
distinct neural targets that either trigger the evening peak or the
courtship trough at dusk, respectively.Whichof the twopathways is
activated depends solely on whether or not external female stimuli
are present. In the first model, we propose that DN1s secrete two
distinct signaling molecules, SM1 and SM2, which mediate the
specificmotor output at dusk in SLRandMSDR, respectively (Fig.
3A). SM1 alone acts on neurons that control the evening peak in
SLR. The absence of the evening peak observed in per0;Mz520-
GAL4/UAS-per and c319-GAL4/UAS-CYCΔ males indicates that
proper molecular cycling in DN1s is essential for timely SM1 re-
lease. SM2 is necessary for and acts on neurons suppressing
courtship activity, generating the trough inMSDRprecisely around
dusk. Here, PDF signaling acts as a temporal trigger to induce SM2
production, regardless of proper molecular cycling in DN1s. For
example, when CLK/CYC activity is constitutively high in DN1s
(per0;Mz520-GAL4/UAS-per), SM2 may be released over an ex-
tended period, leading to variable placing of the trough in different

males. To position the trough precisely at dusk (i.e., to release SM2
in a timely manner), a gating mechanism is necessary, which is
implemented through cycling of CLK/CYC-dependent down-
stream genes in DN1s. However, CLK/CYC activity in DN1s is
essential for releasing SM2, as evidenced by the lack of MSDR in

Fig. 2. Distinct functions of DN1s inMSDRand SLR. (A) Brains of the indicated
genotypewere stained at ZT2 with anti-PER.White thick and fine dotted lines
indicate the midline and edge of the brain, respectively. The numbers of PER-
positive cells in each cluster are indicated (n = 8–12 hemispheres). (Scale bars:
large panels, 50 μm; small panels, 10 μm.) (B) Circular phase analysis (34) of
MSDR for individual flies. Small circles represent the estimated trough phase
of individual rhythmic flies (Table 1). Vector length and position indicate
phase concentration (R) and averaged phase, respectively. An internal dotted
circle represents a value of 0.5 in phase concentration. The trough phase is
shown in CT hours. (C)Waveforms represent the averaged distribution of time
in proximity through a circadian period (τ) window, for n rhythmic flies (Table
1). The τ-windows are normalized to 24 h. (D) Significant reduction in fre-
quency of the evening peaks (%) of flies, which lack the molecular clock in
a subset of DN1s. The frequency of rhythmic flies, which showed the highest
activity peak between CT8 and CT16, was calculated (n = 17–36). *P < 0.05;
****P< 0.0001 (χ2 test). (E)Waveforms represent the averaged distribution of
locomotor activity in SLR through a circadian period (τ) window for n rhythmic
flies (Table S2). The τ-windows are normalized to 24 h. Activity levels are
normalized independently for each genotype.
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c319-GAL4/UAS-CYCΔ males. In the second model, a single
signaling molecule (SM2) generates both the trough at dusk in
MSDR and the evening peak in SLR (Fig. 3B). The defining
feature of this model is that different threshold concentrations of
SM2 are required to activate the two different downstream tar-
gets. The target neurons that control evening peak activity in SLR
require the maximum concentration of SM2, which is only ach-
ieved when themolecular clock in DN1s is intact. Release over an
extended period occurs in the absence of a molecular clock in
DN1s (e.g., in per0;Mz520-GAL4/UAS-per) and results in a lower
SM2 concentration at the critical time, a level that is insufficient to
trigger evening peak activity.However, the reduced concentration
of SM2 is sufficient to induce the courtship trough, albeit less
precisely (hence, the variable positioning).
Cusumano et al. (20) have recently shown that PDF signaling

from lLNvs to LNds is sufficient for establishing evening peak
activity of single flies under LD conditions. This observation,
along with our finding of PDF signaling from LNvs to DN1s to be
sufficient for establishing evening peak activity in DD, suggests
that parallel PDF signaling pathways are implemented, depend-
ing on external circumstances, to increase locomotion activity in
anticipation of dusk.

FRUM Expression in Nonclock Neurons Might Be Necessary for Proper
MSDR. How do males alter their circadian activity pattern in re-
sponse to external chemosensory (female-derived) signals? We
demonstrated that many clock neurons in the sLNv, LNd, and DN1
clusters express FRUM (i.e., express fruGAL4) and are therefore
sexually dimorphic in physiology (Fig. 1D and Fig. S4). Our finding
broadly extends a previous observation, which reported FRUM-
dependent male-specific neuropeptide F expression in three TIM-
positive LNds (21). Unlike mutations in clock genes, fru mutations
neither disrupt PER cycling in clock neurons (Table S3) nor SLR
(Table S2), indicating that FRUM is not an essential component of
the molecular clock. However, males with these fru mutations,
which show robust courtship activity toward bothmales and females
(15) (Fig. S3B), cause an arrhythmic MSDR phenotype (Table 1).
Whether or not FRU function is required in clock neurons remains
to be seen. The failure to induce arrhythmic MSDR as well as SLR

inmales with suppressed FRUM expression in clock neurons (UAS-
fruMIR/cry-GAL4_2; Table S3 and Table S4) may indicate a re-
quirement for FRUM in nonclock cells; alternatively, it may simply
reflect insufficient interference with fru RNA in these cells.
FRUM is a central regulator of male courtship (20, 21) and

sexual orientation (23, 24). Indeed, FRUM-expressing neurons
can be viewed as defining the courtship circuitry itself. Thus, it
will be of interest to identify those neurons that modulate
courtship activity under the control of the intrinsic circadian
clock. We suggest that the most recognizable feature of MSDR,
courtship suppression at dusk, is established through SM2 sig-
naling either by increasing the sensitivity of courtship inhibitory
neurons or decreasing the sensitivity of courtship promoting
neurons. However, elucidating the role of FRUM in the regula-
tion of MSDR will require taking into account its complex role
during development.

Experimental Procedures
Fly Strains. Fly strains used in this study are as follows: Oregon-R,w1118, C155-
elav-GAL4, fru3, andUAS-nucGFP (Bloomington Stock Center);UAS-CYCΔ (11);
Pdf-GAL4 (6); tim-GAL4 (23); Clk4.4F-GAL4 (16,17) (P. Hardin, College Station,
TX); fruGAL4 (15) (B. J. Dickson, Vienna, Austria); Pdf-GAL8096A and cry-
GAL802e3m (6, 13); UAS-per2-4 (26) (M. Rosbash, Waltham, MA);Mz520-GAL4
(27); w per0;UAS-per16 (16) (F. Rouyer, Gif-sur-Yvette, France); UAS-fruMIR/
CyO;UAS-fruMIR (which we describe as UAS-fruMIR in this report); P52a (28)
(B. Baker, Stanford, CA);MJ63,MJ146, andMJ286 (29) (L. C. Griffith,Waltham,
MA); Gr5a-GAL4, Gr22b-GAL4, Gr22e-GAL4, Gr28b.c-GAL4, Gr32-GAL4,
Gr59b-GAL4, and Gr66a-GAL4 (30); Gr68a-GAL4 (31); Or47b-GAL4 (32) (L. B.
Vosshall, NewYork, NY);Or83b-GAL4vp16 (33) (D. P. Smith, Dallas, TX); ok348-
GAL4 (34) (T. Kitamoto, Iowa City, IA); andflytrapGAL4 lines 64Y, 104Y, 116Y,
187Y, 188Y, 201Y, 238Y, c182, c184, c319, c320, c343, c369, c370, c424, c500,
c600, c739, c772, and c851 (http://www.fly-trap.org/). cry-GAL4_2 was an in-
sertion in the third chromosome that was generated from cry-GAL4-24 (25)
(J. Hall, Waltham, MA) by Δ2-3.

Behavioral Assays. Assays for single fly locomotor activity and close proximity
rhythms were performed as described previously (9), with the following
modifications. We used virgin males of the indicated phenotypes as test
subjects (5–12 days of age) and virgin w1118 females (4–8 days of age) as
target objects. Males were entrained under 12:12 LD conditions in vials
(about 20 animals per vial) from the time of hatching until they were used
for the experiment. A single male and a single female were placed in the

Fig. 3. Models of DN1 function. (A) Model 1: Distinct signaling molecules generate a peak and trough in SLR and MSDR, respectively. WT males exhibit robust
morning and evening activity peaks in SLR as well as precisely timed troughs at dusk in MSDR. Rhythmically released PDF (octagon) produces morning peaks
(SLR) directly and synchronizes CLK/CYC activity in DN1s. SM1 (pentagon) and SM2 (square) are produced in and released from DN1s and are necessary to
generate evening peaks (SLR) and troughs of courtship activity (MSDR) at dusk, respectively. Cells in red and green indicate high and low levels of CYC/CLK,
respectively. Different colors of MSDR traces represent individual males. Enhancing and suppressing functions are indicated by arrows and blocked lines,
respectively. The interrupted line indicates extended release of SM2 because of lack of CLK/CYC in DN1s. (B) Model 2: Distinct levels of a single signaling
molecule are required to generate the evening peak and trough in SLR and MSDR, respectively. In WT males, tightly controlled release of SM2 acts on two
distinct neuronal targets. In the absence of female stimuli, a high concentration of SM2 leads to an increase in locomotor activity at dusk (evening peak),
whereas in the presence of female signals, SM2 suppresses directly or indirectly the courtship circuit, leading to the courtship trough. Lack of CLK/CYC cycling
leads to extended release of SM2, and hence lower SM2 levels sufficient only to trigger a courtship trough but not an evening peak in SLR.
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15-mm diameter arena (24-well tissue culture plates with standard fly food)
before lights-off time (ZT12, time 0). We videotaped (time lapse, one frame
every 3 s) for 84 h under constant red dim light (<1 lux). Frequency of “close
proximity encounters” (<1 mm) between the two flies was analyzed by
EthoVison 3.1 (Noldus). The bin size was 60 min.

For longer recordings (5.5 days), we used apple juice media and infrared
light instead of standard fly food and red dim light, respectively. Analysis of
the longer recording data (Table 1 and Table S2) was done with FaasX
software 1.6b (F. Rouyer). Rhythmic flies were defined by χ2 periodgram
analysis with the following criteria (filter on): power ≥20, width ≥2 h, with
selection on period = 24 ± 8 h. Phase concentration (R) indicates phase co-
herence among individual flies. The bin size was 20 min, and data length
was 5 days (from CT0, time 12 h). Dead flies, which were determined by the
video observation, were excluded.

CRI. We defined the CRI as the mean of time in proximity over a 2-day period
(48 h) divided by the mean of time in proximity during 2 4-h intervals on 2 con-
secutive days (CT10 to CT14). To calculate the CRI, we used the 48 h from time
point 13 (subjective lights-on, CT0) to time point 60 (subjective lights-off, CT24).

Immunocytochemistry. Brains were placed overnight in primary antisera
solution at 4 °C. Rabbit anti-PER (33) and chicken anti-GFP (Molecular
Probes) were diluted at 1:10,000 and 1:15,000 in PBS containing 0.1%
Triton X-100 and 5% heat-inactivated goat serum, respectively. Brains
were rinsed four times for 30 min and then placed in secondary antisera
overnight at 4 °C. Dilutions (1:200) of Alexa555-conjugated goat anti-
rabbit and Alexa488-conjugated goat anti-chicken (Molecular Probes) in
PBS-TB were used. We included DN2s with DN1s because of their in-
consistent separation from DN1s.

Statistical Analysis. Effects on the CRI and averaged time in proximity were
determined using the Student’s t test (Table S1) for each genotype. If a sig-
nificant difference was revealed between a genotype and its control, the
Kruskal–Wallis ANOVA test (Fig. 1 B and C and Table S1) was applied. All
analyses were done with JMP6 (SAS Institute) and FaasX software.
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