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SUMMARY

Circadian patterns of locomotor activity are influenced by social interactions. Studies on insects
highlight the importance of volatile odors and the olfactory system. Wild-type Drosophila exhibit im-
mediate re-entrainment to new light:dark (LD) cycles, whereas cry® and jet® mutants show deficits in
re-entrainability. We found that both male mutants re-entrained faster to phase-shifted LD cycles
when social interactions with WT female flies were promoted than the isolated males. In addition,
we found that accelerated re-entrainment mediated by social interactions depended on both visual
and olfactory cues, and the effect of both cues presented jointly was nearly identical to the sum of
the effects of the two cues presented separately. Moreover, we found that re-entrainment deficits
in period (per) expression-oscillation in jet® mutants were partially restored by promoting social inter-
actions. Our results demonstrated that, in addition to olfaction, social interactions through the visual
system also play important roles in clock entrainment.

INTRODUCTION

Genes and environments crucially influence daily behaviors. Social influences, regarded as a subset of envi-
ronmental inputs, can regulate development, physiology, and behaviors from insects to human beings
(Rutter et al., 2006; Sokolowski, 2010). Previous studies have indicated that social interactions can affect
a variety of behaviors, such as circadian activity patterns, sleep, aggression, mating, and learning (Beattie
et al., 2015; Sokolowski, 2010). Moreover, there is substantial evidence showing social synchronization in
laboratory animal models, including Drosophila, honeybees, and vertebrates (Bloch et al., 2013). More
recent works suggest that the number of cohabiting animals is important for social synchronization in fe-
male mice and that social synchronization can even override the photic entrainment of circadian rhythms
in honeybees (Fuchikawa et al., 2016; Paul et al., 2015; Simoni et al., 2014). Although Drosophila mela-
nogaster is classified as a solitary species, these flies aggregate at high densities to feed and they exhibit
social entrainment, aggression, and collective behavior (Levine et al., 2002; Liu et al., 2011; Ramdya et al.,
2015; Schneider et al., 2012; Veenema, 2009; Wang and Anderson, 2010). Studies using Drosophila have
begun to define the molecular and neuronal mechanisms controlling social entrainment (Bloch et al.,
2013; Fujii and Amrein, 2010; Fujii et al., 2007; Levine et al., 2002; Lone et al., 2016; Lone and Sharma,
2012). In particular, volatile pheromones, the olfactory system, and some clock neurons are involved. How-
ever, social influences on clock re-entrainment to shifted light/dark (LD) cycles and the sensory inputs gov-
erning these effects have not yet been explored. We therefore set out to demonstrate whether social
groups affect re-entrainment by exposing re-entrainment-deficient mutants to wide-type (WT) flies; we
also sought to determine which sensory input(s) might be involved.

RESULTS

jet< and cry® Mutants Show Fast Re-entrainment to New LD Cycles when Social Interactions
Are Promoted

Cryptochrome (CRY) and jetlag (JET) were shown to regulate the central clock by promoting degradation of
a core clock protein, timeless (TIM) in a light-dependent manner, and JET could be required for transmit-
ting light signals from CRY to TIM (Ceriani et al., 1999; Koh et al., 2006). Previous studies have also shown
slow re-entrainment to new LD cycles in jet“and cryb mutants (MT) compared with WT control flies (Helfrich-
Forster et al., 2001; Koh et al., 2006; Yoshii et al., 2015). To investigate the re-entrainabilities of flies in
different social environments, we compared the re-entrainability of the mutants in different social environ-
ments. Briefly, newly eclosed male flies were isolated for 1-3 days on 12-h:12-h LD cycles at a temperature
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Figure 1. Social Interactions Reversed Re-entrainment Deficits in cry” and jet® Mutants

(A) To study social interactions between flies using the Drosophila Activity Monitor System (DAM2; TriKinetics), we
modified the recording panels as shown in the figure. Briefly, we added two plastic cylinders to each side of the recording
tube, and each contained zero or approximately 8 WT/MT flies. The experimental fly in the tube was able to contact WT or
MT flies by receiving several sensory cues, such as chemosensory and visual cues (groups |, II, and lll). Chemosensory
signaling was abolished simply by blocking circular holes in the tube (groups IV and V).

(B, D, and F) Representative actograms of WT (B), cryb (D) and jet® (F) flies. Data were smoothed from 12 flies for each
group. The flies were transferred from one LD cycle (indicated by the top bars) to another with 6-h delay (bottom bars)
during the fourth day.

(C, E, and G) Phase plots showing quantification of the position of the evening peaks for the indicated genotypes for each
day. WT flies in both groups | and Il (C) moved their evening peak by almost 6 h during the first 2 days after the phase shift
(group I: 5.1 h on day 1, 0.8 h on the second day; group II: 5.2 h on day 1, 0.7 h on the second day). cryb mutants (E) moved
the evening peak by 2.0 h on day 1 and 1.5 h on the second day in group |, whereas they moved their evening peak by 3.1 h
onday 1and 1.9 h on the second day in group II. Similarly, jet® mutants (G) shifted their evening peak by 2.5h on day 1 and
1.6 h onthe second day in group |, whereas they shifted their evening peak by 3.4 h on day 1 and 2.2 h on the second day in
group II. Note that no difference in evening peak movement was observed between groups | and llI, indicating that
interactions with MT female flies did not affect re-entrainment.

Mean + SEM is shown. “**" and “***" denote p < 0.01 and p < 0.001, respectively. One-way ANOVAs followed by post
hoc Tukey tests were performed for multiple comparisons. See also Figure S1.

of 25°C and humidity of ~60%, and a test male was then placed in a glass tube and separated from 16 WT
virgin female flies outside the tube (Figure 1A). In some experiments (groups |, I, and lll), we also include
4-6 round circles (~1 mm in diameter) on each side to allow communication between flies by means of

2 iScience 23, 100856, Fabruary 21, 2020

Cell



iIScience Cell

endogenous volatile chemical signals. Moreover, we included mutant (MT) female flies outside the
recording tube as group Ill to test whether the presence of MT female flies would accelerate re-entrainment
of MT males (MT males and females with the same genotype, Figure 1A). Studies on sexual interactions
in Drosophila indicate that males and females exhibit entrainment of circadian locomotor rhythms
(Fujii et al., 2007; Hanafusa et al., 2013; Lone and Sharma, 2012); therefore, we presumed that such inter-
actions might affect clock re-entrainment. Mutations of genes used in this study (including cry® and
norpA%) have been shown to play direct and indirect roles in central clock. For example, CRY serves as
both a blue-light photoreceptor and a clock component and plays a crucial role in clock entrainment
(Collins et al., 2006; Emery et al., 2000; Helfrich-Forster, 2019; Helfrich-Forster et al., 2001; Stanewsky
etal., 1998), whereas NORPA is an essential enzyme in the canonical phototransduction cascade in photo-
receptors and mediates majority of visual input to clock (Bloomquist et al., 1988; Schneuwly et al., 1991). To
ensure that all mutant flies could be synchronized during the first 4 days of LD cycles and that evening ac-
tivity peaks could be easily measured, we applied a 25°C(light):18°C(dark) temperature cycle in combina-
tion with the LD cycles. The flies were then exposed to a 6-h delay of the present LD cycles at a constant
temperature of 25°C. cry® and jet® male mutants, which were shown to take longer for re-entrainment to
a new schedule than WT flies (Helfrich-Forster et al., 2001; Koh et al., 2006), were used in the study as
test flies to examine whether their re-entrainment could be influenced by the promotion of social interac-
tions with WT females.

As expected, both isolated (group 1) and grouped (group Il) WT flies exhibited immediate re-entrainment
to the new LD cycle, whereas cry® and jet® mutants required approximately 4-6 days in group | (Figures 1B—
1G). As previously reported (Mazzotta et al., 2013), the electroretinogram (ERG) response upon illumination
with bright white flashes in cryb flies was normal, and so was the jet® flies (Figure 3l). Moreover, <:ryb flies
were previously reported to have normal optomotor response (Stanewsky et al., 1998). These results indi-
cate that both mutants have basically normal visual behavior. Interestingly, the cry® and jet® mutants in
group Il re-entrained more quickly on days 1 and 2 than did those in group | (Figures 1D-1G). Note that
the jet® mutants in group Ill exhibited slow re-entrainment similar to those shown in group | (Figures 1F
and 1G), indicating that contacting mutant females did not accelerate re-entrainment in mutant males
and fast re-entrainment in females was essential for accelerated re-entrainment in males. To clarify whether
fast re-entrainment of the mutant males observed in the study was a form of masking, we released exper-
imental flies with a 2-day phase delay or complete re-entrainment to constant darkness (DD) in the absence
of WT females (Figure S1). We allowed WT females to freely move out of the tubes on the day before exper-
imental flies were released to DD in groups | and Il during zeitgeber time (ZT) 0-1 or 11-12. Our data show
that jet® flies exposed to WT females after 2 days of re-entrainment still exhibited larger phase delays in
free-running behavior than isolated jet“flies (Figures STA and S1B). Moreover, the completely re-entrained
males also maintained their evening activity peak at approximately Circadian time (CT) 17.5 (Figures S1C
and S1D). These results indicate that the clock is indeed re-entrained during the process of entrainment
and that masking is unlikely. These data demonstrate that promoting social interactions with WT female
flies accelerates clock re-entrainment in mutants. Behavioral phenotypes in the cry? and jet® mutants are
generally similar. cry® mutation seems to disrupt peripheral circadian oscillators, leaving the circadian oscil-
lator function of central pacemaker neurons almost intact, and CRY itself is blue light and even magnetic
sensitive (Collins et al., 2006; Emery et al., 1998, Gegear et al., 2008; Koh et al., 2006; Krishnan et al.,
2001). Because we intend to simply focus on the regulation of central clock entrainment by social interac-
tions in the following study, we chose to focus on jet mutants.

Both Visual and Olfactory Inputs Influence Circadian Clock Re-entrainment

What environmental cues and sensory mechanisms underlie the effects of social exposure on re-entrain-
ment? Sensory cues, such as signals from visual, olfactory, auditory, and mechanical inputs, may be
involved. We then placed each test fly in a glass tube (without small circular holes on solid glass walls be-
tween the test and WT flies) to block potential communication between flies through the air flow by means
of endogenous volatile chemical signals (Figure 2B, groups IV and V; Figure 2A, groups | and Il as controls).
After chemosensory signals were blocked, the jet® mutants in group V still showed fast re-entrainment (WT
female flies were present outside the recording tube; day 1, 3.3 h; second day, 1.8 h, requiring approxi-
mately 3 days) than did those in group IV (isolated; day 1, 2.4 h; second day, 1.7 h) (Figures 2A and D),
and they re-entrained more slowly on day 2 than did those in group Il (Figures 2A, 2B, and 2D), suggesting
the olfaction preferentially affects re-entrainment on day 2. To verify that no unintended olfactory signals
had reached the flies, we repeated the design with 0r83b'/0r83b? mutants, which show no behavioral or
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Figure 2. Olfactory Cues Contribute to Re-entrainment of jet® Mutants Preferentially on Day 2

(A-C) The sentence "Representative actograms of 12 flies for each genotype." can be changed to "Representative actograms of jet® (group I) (A), jet® (group
IV) (B) and jetC;Or83b1/Or83b2 (group ) (C) flies. Data were smoothed from 12 flies for each group.
(D) Quantification of the phase shifts using phase plots (top) and bar graphs (two bottom panels) focusing on days 1 and 2 after a 6-h delay in the LD cycle.
Note that jet® mutants move their evening peak by 2.4 h on day 1 and 1.7 h on the second day in group IV, whereas they shift their evening peak by 3.3 h on
day 1and 1.8 h on the second day in group V. Similarly, jet;0r83b"/0r83b? exhibited fast re-entrainment on the first day and first 2 days in group Il compared
with those in group I. Note that jet®;0r83b'/Or83b? and jet® (group V) mutants exhibited similar phase shift on day 1 but slower re-entrainment on day 2

compared with those of jet®in group Il.

(E) Representative actograms of 12 flies for iav’;jet® mutants.
(F) Quantification of phase shifts on days 1 and 2 after 6-h delay in the LD cycle for the mutants in (E). iav’;jet® mutants exhibited fast re-entrainment and no
significant differences from jet®in group Il. Mean £ SEM is shown. “ns,” “*,” and "**" denote not significant, p < 0.05, and p < 0.01, respectively. One-way
ANOVAs followed by post hoc Tukey tests were performed for multiple comparisons.

electrophysiological responses to many odorants. Similar results were obtained from jet;0r83b'/0Or83b?
double mutants in groups | and Il (Figures 2C and 2D), suggesting that olfactory cues contribute to re-
entrainment preferentially on day 2 and visual cues may contribute to fast re-entrainment on day 1 in the
absence of olfaction. We also tested iav' auditory mutants crossed to jet® mutants (iav';jet) and found
that they still exhibited faster re-entrainment in group Il (with social exposure) than did those in group | (iso-
lated) (Figures 2E and 2F), indicating that hearing was dispensable to the process, at least in our
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Figure 3. Visual Cues Contribute to Re-entrainment of jet° Mutants Preferentially on Day 1

(A and B) Representative actograms of norpA36 mutants in four different groups, including group | (A, left), group Il (A, right), group IV (B, left) and group V (B,
right). Data were smoothed from 12 flies for each group.

(C) Quantification of the phase shifts on days 1 and 2 after 6-h delay in the LD cycle. No significant changes in phase shifts were observed in norpA* mutants
in groups |, Il, IV, and V.

(D and E) Representative actograms of norpA ™™ mutants in four different groups, including group | (D, left), group Il (D, right), group IV (E, left) and group V
(E, right). Data were smoothed from 12 flies for each group.
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Figure 3. Continued

(F) Quantification of the phase shifts on days 1 and 2 after 6-h delay in the LD cycle. Note that norpA%jet® mutants moved their evening peak by 1.7 h on the
first day and by 1.7 h on the second day in group |, whereas they shifted their evening peak by 1.9 h on the first day and by 2.5 h on the second day in group II.
After blocking chemosensory signals (groups IV and V), flies exhibited similar phase shifts in the two groups.

(G) Representative actograms of 12 flies for norpASé;Or83b7/Or83b2 double mutants in groups | and Il

(H) Quantification of the phase shifts. No significant changes in phase shifts were observed after blocking visual and chemosensory cues in the double
mutants.

() Representative ERG responses using 2-s light with an intensity of 10'* photons per second per cm?.

Mean + SEM is shown. “ns" and “**" denote not significant and p < 0.01, respectively. One-way ANOVAs followed by post hoc Tukey tests were performed
for multiple comparisons.

experimental setup. Moreover, because males and females can hardly touch each other owing to small size
of holes and thickness of the tubes (see Methods), other mechanical cues were not likely involved.

Phospholipase C-B (PLC-B) encoded by no receptor potential A (norpA) is an essential enzyme in the ca-
nonical phototransduction cascade operating in the visual photoreceptor cells. To verify that visual input
was required for the rapid re-entraining effect by social interactions, we used norpA% mutants, which
generally lack ERG responses (Figure 3l), indicating impaired vision in these mutants (Ogueta et al.,
2018). We noticed that norpA* mutants required 2-3 days to be fully re-entrained to the shifted LD cycle
(Figures 3A=3C) (Emery et al., 2000). Importantly, these flies exhibited re-entrainment kinetics similar to
those of flies in groups |, II, IV, and V (Figures 3A-3C), indicating that visual inputs were essential for accel-
erating clock re-entrainment in the absence or presence of chemosensory interactions (volatile chemical
signals were blocked in groups IV and V). Surprisingly, nropA* mutants did not re-entrain faster in group
Il compared with those in group V on day 2, indicating that olfactory cues did not accelerate re-entrainment
in the mutants. This unexpected result could be due to almost full re-entrainment of the mutants on day 2,
whereas olfactory cues preferentially accelerate re-entrainment on day 2.

Our data have shown that olfactory inputs contribute to the fast re-entrainment of jet® mutants and visual
cues may also be involved. Moreover, we noticed that blocking chemosensory communications (group V)
delayed re-entrainment of flies compared with those in group Il on day 2, but no effects were observed on
day 1 (Figures 2A, 2B, and 2D), indicating that visual inputs may contribute to fast re-entrainment on day 1.
Thus, we crossed jet® and norpA% mutants and found that the norpA%;jet® double mutants did not exhibit
accelerated re-entrainment in group Il compared with group | (Figures 3D-3F) on day 1, indicating that vi-
sual cues are indeed essential for fast re-entrainment. Moreover, the fast re-entrainment on day 2 for the
double mutants in group Il was abolished by blocking volatile chemical signals in group V, confirming
that olfactory cues contribute to fast re-entrainment on day 2 (Figures 3D-3F). Moreover, we bred nor-
pA¥*;0r83b"/0r83b? double mutants lacking both visual and olfactory signaling and found that the slow
re-entrainment deficits of the mutants could not be rescued by promoting social interactions (Figures
3G and 3H). These results also confirmed our conclusion that touch does not significantly contribute to so-
cial entrainment. Unexpectedly, these flies re-entrained slower than norpA3 mutants in groups IV and V (for
example, norpA®;0r83b'/0r83b?, group Il on day 1, 2.5 + 0.05 h; norpA*, group V on day 1, 3.4 + 0.07 h).
The reason for this slow entrainment is unclear, and interactions between different sensory cues and clock
entrainment require further investigation. Taken together, these results demonstrate that both olfactory
and visual inputs contribute to fast re-entrainment.

Oscillations of the Clock per Gene Expression during Re-entrainment

Next, we assayed the expression levels and oscillations of a core clock gene, per, in Drosophila heads to
clarify the molecular changes that occur during re-entrainment. Before the LD shifts, all transcripts of
per mRNA examined in all genotypes showed the expected daily oscillations with a peak at ZT 16 and a
trough at ZT 4 (Figure 4). However, after a phase delay in LD cycles, per gene expression patterns were
significantly changed in different genotypes (Figure 4). In WT flies, the peak time and amplitude of per os-
cillations completely recovered on day 2. per expression in isolated jet® flies (group I) lost rhythmicity on
day 1, oscillated with low amplitude on days 3-4, and completely recovered to the original expression
pattern on day 5. In grouped jet® flies (group 1), per expression oscillated with low amplitude on days 1-
3 and completely recovered on day 4. Flies in group Il exhibit faster re-entrainment compared with those
in group |, although the difference in per oscillation expression seemed mild. The majority of mRNA tran-
scripts were from the eyes, not the pacemaker neurons in the heads, and eye clocks synchronized through
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Figure 4. jet® Mutants Subjected to LD Phase Shifting Showed Fast Re-entrainment by the Promotion of Social
Interactions

Measurement by gRT-PCR of per gene expression profiles in fly heads, obtained every 4 h throughout the schedule. Each
data point indicates an average of three independent experiments.

CRY, not photoreceptors (Emery et al., 2000; Zeng et al., 1994). Thus, our RT-PCR results do not reflect brain
pacemaker neuron environment but mostly what happens in the eyes.

In summary, we have shown that interactions with WT flies partially rescue re-entrainment deficiency in jet®
and cry? mutants, as measured by locomotor activity. Previous works suggest that olfactory signaling me-
diates social entrainment in flies (Eban-Rothschild and Bloch, 2012; Fujii and Amrein, 2010; Fujii et al., 2007,
Levine et al., 2002; Lone et al., 2016; Lone and Sharma, 2012). In contrast, we found that both visual and
olfactory inputs significantly contributed to re-entrainment. Furthermore, the influences of both cues pre-
sented jointly were nearly identical to the sum of influences presented in isolation: visual inputs affected
both day 1 and day 2 re-entrainment, whereas olfactory inputs preferentially affected that on day 2. Light
is the major stimulus for the synchronization of circadian clocks with LD cycles, and light signaling through
the visual pathway also contributes to proper synchronizing and phasing in flies (Helfrich-Forster, 2019; Hel-
frich-Forster et al., 2001; Saint-Charles et al., 2016). Here, our data indicate that visual system is important
for clock re-entrainment in particular. Further studies are needed to test the nature of visual stimuli on re-
entrainment; for example, whether any movement can be an entraining cue or specific for female flies?
Auditory cues did not affect clock re-entrainment in our experimental setup, and this could be due to
the limited interactions (no touching and small holes for communications) between MT and WT flies. Me-
chanical stimulus was found to entrain Drosophila clock by vibratory stimulus through a bass loudspeaker
(Simoni et al., 2014). In summary, most environmental stimuli that lead to changes in an animal’s behavior
may affect clock entrainment (Simoni et al., 2014). Although per expression exhibited normal oscillation in
jet® mutants, they exhibit relatively slow re-entrainment of the per rhythm during LD shifts. Moreover, in-
teractions with WT flies partially restored re-entrainment deficits of per rhythms in jet® mutants. Note
that we measured total per transcript in eyes and brain (fly head) and the transcripts were approximately
three times higher in the eyes than in the brain (Zeng et al., 1994). We predict that the eye clock can be
regulated by central pacemakers in subsequent days after LD shifts, although the effects could be weak.
A previous study reported that early-morning exercise could accelerate re-entrainment (Mrosovsky and
Salmon, 1987), indicating that anticipating locomotor activity pattern changes is beneficial for managing
clock re-entrainment.

Limitations of the Study

Although our data revealed that social interactions through parallel pathways (visual and olfactory) accel-
erate re-entrainment in Drosophila jet mutants, which exhibit deficits in re-entrainability, further studies
are needed to define the neuronal and molecular mechanisms governing such social re-entrainment.
Whether the promotion of social interactions is beneficial for the management of circadian rhythm
misalignment has not been fully determined. Further research should test regulation of clock re-entrain-
ment by social interactions in different animal models utilizing more advanced animal activity monitoring
systems.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

iScience 23, 100856, Fabruary 21, 2020 7



iScience

DATA AND CODE AVAILABILITY

Cell

The data that support the findings of this study are available from the authors on reasonable request.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.100856.

ACKNOWLEDGMENTS

This work was funded by the grants from the National Natural Science Foundation of China (81970999), Na-
tional Science and Technology Ministry Major Project Grant (2016YFC0906400), Shanghai Rising-Star Pro-
gram (19QA1404900), the Science and Technology Commission of Shanghai Municipality (18ZR1419400),
the Innovation Program of Shanghai Municipal Education Commission (2019-01-07-00-02-E00037), and
the Shanghai Jiao Tong University Foundation (YG2016QN45).

AUTHOR CONTRIBUTIONS

Y.P. directed and coordinated the study. Y.P., L.S., M.L,, L.Y., and J.Z. conceived and conducted the exper-
iments. Y.P. wrote the manuscript. All authors approved the manuscript.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: July 1, 2019
Revised: November 13, 2019
Accepted: January 15, 2020
Published: February 21, 2020

REFERENCES

Beattie, L., Kyle, S.D., Espie, C.A., and Biello, S.M.
(2015). Social interactions, emotion and sleep: a
systematic review and research agenda. Sleep
Med. Rev. 24, 83-100.

Bloch, G., Herzog, E.D., Levine, J.D., and
Schwartz, W.J. (2013). Socially synchronized
circadian oscillators. Proc. Biol. Sci. 280,
20130035.

Bloomaquist, B.T., Shortridge, R.D., Schneuwly, S.,
Perdew, M., Montell, C., Steller, H., Rubin, G., and
Pak, W.L. (1988). Isolation of a putative
phospholipase C gene of Drosophila, norpA, and
its role in phototransduction. Cell 54, 723-733.

Ceriani, M.F., Darlington, T.K., Staknis, D., Mas,
P., Petti, A.A., Weitz, C.J., and Kay, S.A. (1999).

Light-dependent sequestration of TIMELESS by
CRYPTOCHROME. Science 285, 553-556.

Collins, B., Mazzoni, E.O., Stanewsky, R., and
Blau, J. (2006). Drosophila CRYPTOCHROME is a
circadian transcriptional repressor. Curr. Biol. 16,
441-449.

Eban-Rothschild, A., and Bloch, G. (2012). Social
influences on circadian rhythms and sleep in
insects. Adv. Genet. 77, 1-32.

Emery, P., So, W.V., Kaneko, M., Hall, J.C., and
Rosbash, M. (1998). CRY, a Drosophila clock and
light-regulated cryptochrome, is a major
contributor to circadian rhythm resetting and
photosensitivity. Cell 95, 669-679.

Emery, P., Stanewsky, R., Helfrich-Forster, C.,
Emery-Le, M., Hall, J.C., and Rosbash, M. (2000).

8 iScience 23, 100856, Fabruary 21, 2020

Drosophila CRY is a deep brain circadian
photoreceptor. Neuron 26, 493-504.

Fuchikawa, T., Eban-Rothschild, A., Nagari, M.,
Shemesh, Y., and Bloch, G. (2016). Potent social
synchronization can override photic entrainment
of circadian rhythms. Nat. Commun. 7, 11662.

Fujii, S., and Amrein, H. (2010). Ventral lateral and
DN1 clock neurons mediate distinct properties of
male sex drive rhythm in Drosophila. Proc. Natl.
Acad. Sci. U'S A 107, 10590-10595.

Fujii, S., Krishnan, P., Hardin, P., and Amrein, H.
(2007). Nocturnal male sex drive in Drosophila.
Curr. Biol. 17, 244-251.

Gegear, R.J., Casselman, A., Waddell, S., and
Reppert, S.M. (2008). Cryptochrome mediates
light-dependent magnetosensitivity in
Drosophila. Nature 454, 1014-1018.

Hanafusa, S., Kawaguchi, T., Umezaki, Y.,
Tomioka, K., and Yoshii, T. (2013). Sexual
interactions influence the molecular oscillations in
DN1 pacemaker neurons in Drosophila
melanogaster. PLoS One 8, e84495.

Helfrich-Forster, C. (2019). Light input pathways
to the circadian clock of insects with an emphasis
on the fruit fly Drosophila melanogaster.

J. Comp. Physiol. A Neuroethol. Sens. Neural
Behav. Physiol. https://doi.org/10.1007/s00359-
019-01379-5.

Helfrich-Forster, C., Winter, C., Hofbauer, A., Hall,
J.C., and Stanewsky, R. (2001). The circadian clock
of fruit flies is blind after elimination of all known
photoreceptors. Neuron 30, 249-261.

Koh, K., Zheng, X., and Sehgal, A. (2006). JETLAG
resets the Drosophila circadian clock by
promoting light-induced degradation of
TIMELESS. Science 312, 1809-1812.

Krishnan, B., Levine, J.D., Lynch, M.K., Dowse,
H.B., Funes, P., Hall, J.C., Hardin, P.E., and Dryer,
S.E. (2001). A new role for cryptochrome in a
Drosophila circadian oscillator. Nature 411,
313-317.

Levine, J.D., Funes, P., Dowse, H.B., and Hall, J.C.
(2002). Resetting the circadian clock by social
experience in Drosophila melanogaster. Science
298, 2010-2012.

Liu, W., Liang, X., Gong, J., Yang, Z., Zhang, Y.H.,
Zhang, J.X., and Rao, Y. (2011). Social regulation
of aggression by pheromonal activation of Oré5a
olfactory neurons in Drosophila. Nat. Neurosci.
14, 896-902.

Lone, S.R., and Sharma, V.K. (2012). Or47b
receptor neurons mediate sociosexual
interactions in the fruit fly Drosophila
melanogaster. J. Biol. Rhythms 27, 107-116.

Lone, S.R., Potdar, S., Srivastava, M., and Sharma,
V.K. (2016). Social experience is sufficient to
modulate sleep need of Drosophila without
increasing wakefulness. PLoS One 11, e0150596.

Mazzotta, G., Rossi, A., Leonardi, E., Mason, M.,
Bertolucci, C., Caccin, L., Spolaore, B., Martin,
A.J., Schlichting, M., Grebler, R., et al. (2013). Fly
cryptochrome and the visual system. Proc. Natl.
Acad. Sci. U S A 110, 6163-6168.


https://doi.org/10.1016/j.isci.2020.100856
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref1
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref1
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref1
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref1
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref2
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref2
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref2
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref2
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref3
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref3
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref3
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref3
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref3
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref4
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref4
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref4
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref4
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref5
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref5
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref5
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref5
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref6
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref6
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref6
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref7
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref7
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref7
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref7
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref7
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref8
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref8
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref8
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref8
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref9
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref9
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref9
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref9
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref10
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref10
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref10
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref10
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref11
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref11
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref11
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref12
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref12
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref12
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref12
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref13
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref13
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref13
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref13
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref13
https://doi.org/10.1007/s00359-019-01379-5
https://doi.org/10.1007/s00359-019-01379-5
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref15
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref15
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref15
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref15
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref16
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref16
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref16
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref16
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref17
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref17
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref17
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref17
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref17
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref18
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref18
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref18
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref18
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref19
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref19
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref19
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref19
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref19
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref20
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref20
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref20
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref20
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref21
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref21
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref21
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref21
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref22
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref22
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref22
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref22
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref22

iScience

Mrosovsky, N., and Salmon, P.A. (1987). A
behavioural method for accelerating re-
entrainment of rhythms to new light-dark cycles.
Nature 330, 372-373.

Ogueta, M., Hardie, R.C., and Stanewsky, R.
(2018). Non-canonical phototransduction
mediates synchronization of the Drosophila
melanogaster circadian clock and retinal light
responses. Curr. Biol. 28, 1725-1735.e3.

Paul, M.J., Indic, P., and Schwartz, W.J. (2015).
Social synchronization of circadian rhythmicity in
female mice depends on the number of
cohabiting animals. Biol. Lett. 11, 20150204.

Ramdya, P., Lichocki, P., Cruchet, S., Frisch, L.,
Tse, W., Floreano, D., and Benton, R. (2015).
Mechanosensory interactions drive collective
behaviour in Drosophila. Nature 519, 233-236.

Rutter, M., Moffitt, T.E., and Caspi, A. (2006).
Gene-environment interplay and
psychopathology: multiple varieties but real
effects. J. Child Psychol. Psychiatry 47, 226-261.

Saint-Charles, A., Michard-Vanhee, C., Alejevski,
F., Chelot, E., Boivin, A., and Rouyer, F. (2016).

Four of the six Drosophila rhodopsin-expressing
photoreceptors can mediate circadian
entrainment in low light. J. Comp. Neurol. 524,
2828-2844.

Schneider, J., Atallah, J., and Levine, J.D. (2012).
One, two, and many-a perspective on what
groups of Drosophila melanogaster can tell us
about social dynamics. Adv. Genet. 77, 59-78.

Schneuwly, S., Burg, M.G., Lending, C., Perdew,
M.H., and Pak, W.L. (1991). Properties of
photoreceptor-specific phospholipase C
encoded by the norpA gene of Drosophila
melanogaster. J. Biol. Chem. 266, 24314-24319.

Simoni, A., Wolfgang, W., Topping, M.P., Kavlie,
R.G., Stanewsky, R., and Albert, J.T. (2014). A
mechanosensory pathway to the Drosophila
circadian clock. Science 343, 525-528.

Sokolowski, M.B. (2010). Social interactions in
"simple" model systems. Neuron 65, 780-794.

Stanewsky, R., Kaneko, M., Emery, P., Beretta, B.,
Wager-Smith, K., Kay, S.A., Rosbash, M., and Hall,
J.C. (1998). The cryb mutation identifies

Cell

cryptochrome as a circadian photoreceptor in
Drosophila. Cell 95, 681-692.

Veenema, A.H. (2009). Early life stress, the
development of aggression and neuroendocrine
and neurobiological correlates: what can we learn
from animal models? Front. Neuroendocrinol. 30,
497-518.

Wang, L., and Anderson, D.J. (2010).
Identification of an aggression-promoting
pheromone and its receptor neurons in
Drosophila. Nature 463, 227-231.

Yoshii, T., Hermann-Luibl, C., Kistenpfennig, C.,
Schmid, B., Tomioka, K., and Helfrich-Forster,
C. (2015). Cryptochrome-dependent

and -independent circadian entrainment
circuits in Drosophila. J. Neurosci. 35, 6131—
6141,

Zeng, H., Hardin, P.E., and Rosbash, M. (1994).
Constitutive overexpression of the Drosophila
period protein inhibits period mRNA cycling.
EMBO J. 13, 3590-3598.

iScience 23, 100856, Fabruary 21, 2020 9



http://refhub.elsevier.com/S2589-0042(20)30039-0/sref23
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref23
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref23
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref23
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref24
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref24
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref24
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref24
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref24
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref25
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref25
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref25
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref25
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref26
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref26
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref26
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref26
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref27
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref27
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref27
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref27
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref28
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref28
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref28
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref28
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref28
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref28
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref29
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref29
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref29
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref29
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref30
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref30
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref30
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref30
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref30
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref31
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref31
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref31
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref31
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref32
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref32
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref33
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref33
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref33
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref33
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref33
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref34
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref34
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref34
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref34
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref34
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref35
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref35
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref35
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref35
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref36
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref36
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref36
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref36
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref36
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref36
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref37
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref37
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref37
http://refhub.elsevier.com/S2589-0042(20)30039-0/sref37

iScience, Volume 23

Supplemental Information

Contribution of Social Influences
through Superposition of Visual and Olfactory

Inputs to Circadian Re-entrainment

Yong Ping, Lingzhan Shao, Minzhe Li, Luna Yang, and Jiaxing Zhang



Supplemental Figures

A

o~ P— _— .
- . ra— il -~ el -y
o — - a0 A o A o - J—
- - P ey -l N —
~ — - =~ —
Dl - — DlL -
Ny . J— J— - pe . = P
- — p—
[m] [m] -— .
D E— D o
| _— B—— P e
- SSaaaa—— S
B — jet’(groupl,n=22)

— jet"(group Il, n=23)

0 2 4 8 8 10 12 14 16 18 20 22 24

ZTICT

c

) jet® (group 1)

—.
(o)
—~

—_

«Q
=
]
c

©

H

'
)
r
}

i
m

|
(11
M

!

|
!
>
r

’F
4

LD2
)
|

!

o
)

ﬂ
H

|

DD

)

}

O

—— jet'(groupl,n=24)

— jet®(group Il, n = 26)

Day

ZTICT
Figure S1. Determination of effects of transient phase delay (2 days) and complete re-
entrainment on the biological clock by the release of experimental flies to DD without females,
related to Figure 1.
(A) Representative actograms of 12 flies for jer* mutants. We allowed females to freely move out

of the tubes on the day before releasing the mutant males to DD during ZT 11-12 (group II).



(B) Quantification of the position of the evening peaks. Our results show that jer¢ flies exposed to
WT females maintained larger phase delays in free-running behavior compared with isolated
jet© flies.

(C) Representative actograms of 12 flies for jet mutants. We allowed females to freely move out
of the tubes on the day before releasing the mutant males to DD during ZT 0-1.

(D) Quantification of the position of the evening peaks. The evening peaks remained constant after

releasing to DD.



Transparent Methods

Animals
Flies were raised at 23°C on a diet of cornmeal, yeast, and sucrose and agar food, under traditional
LD cycles (Song et al., 2017). W18 (#5905), jet* (#27642), cry® (#76023), Or83b"2 (#23129/23130)

and norpA’® (#9048) lines were obtained from the Bloomington Stock Center.

Drosophila activity monitoring

One to three days old male flies were individually entrained and recorded in tubes containing
standard fly food using the Drosophila Activity Monitor System (DAM2; TriKinetics) (Song et al.,
2017). To promote social interactions with WT flies without interrupting recording, we added two
transparent plastic cylinders (diameter 2.0 cm; height, 1.8 cm) to both sides of each recording tube,
and 8 WT female flies (groups Il and V) or no flies (groups I and IV) were included in each cylinder
(Figure 1A). We also added 8 MT female flies in group III as control. We also included 4-6 holes
(diameter 1.0 mm) on each side of the recording tubes (thickness, 1.1 mm) to allow possible
communication between flies may occur over a short distance by means of endogenous volatile
chemical signals (groups I, II and III), and we presumed that the communication was terminated
when the holes were blocked (groups IV and V). Eight test flies were recorded at once in each
recording panel. WT or MT flies were loaded into the tube at the same time as the test flies. The
flies were raised in tubes with an additional temperature cycle of 25 °C during lights on and 18 °C
during lights off for the first four days. Then, the temperature was kept constant at 25 °C on the
last day before the LD shifts. The averages, SEMs and plotting of the results were performed in
GraphPad Prism 6 and R. The evening activity peaks of individual histograms from each fly were
assessed in a custom-made Excel Macro by smoothing of the data using digital low-pass filter
(Helfrich-Forster, 2000). The phase shift was calculated as the phase difference of the evening peaks
before and after LD shifts. Double-plotted actograms were averaged from 12 entrained flies (Feng

et al., 2018).

Electroretinogram recordings

Intact flies with the indicated genotypes were immobilized with low-melting-point wax in truncated



Eppendorf tips. ERG was recorded using ~8 MQ glass microelectrodes filled with fly’s normal
Ringer’s solution (140 mM NacCl, 5 KCl, 1.5 CaClz, 4 MgCly) inserted into the fly eye. A similar
electrode was inserted into the head capsule as a reference. Signals were amplified by a DAM60
DC amplifier (WPI) and sampled and analyzed using pClamp 9.2 software. Light was delivered via
an LED lamp. The light intensity of the stimulus was approximately 1.3 x 10'# photons per second

per cm? (QE6500 spectrometer, Ocean Optics).

Quantitative RT-PCR

We measured transcripts of per mRNA in fly heads, including eyes and brains. Fly heads were
isolated and collected at the indicated time points (at 4-hr intervals) on dry ice. Isolated heads were
immersed in acetone on dry ice for 2-3 hrs, and then were kept at -20 °C for use. Total RNA was
extracted from 10 heads using TRI Reagent (Sigma) for each sample. The samples were then
purified using an RNeasy Mini Kit (Qiagen) with on-column DNase digestion (Qiagen).
Quantitative RT-PCR was performed with a Step One Plus Real-Time machine (Applied
Biosystems). We used default thermal cycling conditions with a dissociation curve step. The PCR
products were resolved by 1% agarose gel electrophoresis. The relative quantities of gene transcripts
were measured using the 2-°“ ¢ method (Livak and Schmittgen, 2001). mRNA levels were
normalized to the constitutively expressed ribosomal protein gene 49 (rp49, as internal control). We
confirmed that rp49 transcripts do not vary with the time of day by application of the 2-*“Cr method
(Livak and Schmittgen, 2001). The relative mRNA amplitude was calculated with respect to the
peak levels set as 100 for each group. Before the LD shifts, all transcripts of per mRNA examined
in the genotypes showed the expected daily oscillations with peak at ZT 16 and trough at ZT 4. Thus,
we compared the relative levels of per transcript at ZT 16 for determining clock entrainment on each
day. Additionally, if the peak time was appeared unexpectedly during the daytime after LD shifts
(including ZTO0, ZT4 and ZT8), we deemed the per expression completely lost rthythmicity. The
primer sequences used for the quantitative RT-PCR experiments were: Per-F 5’-
CAGCAGCAGCCTAATCG-3 and Per-R 5-GAGTCGGACACCTTGG-3’; Rp49-F 5’-

CGACGCTTCAAGGGACAGTATC3’ and Rp49-R 5’-TTACGACACCAAACGATCGA3’.

Statistical analysis



One-way ANOVA followed by post hoc Tukey tests were performed using SPSS software
(RRID:SCR_002865). See the results and figure legends for specifics on statistical tests for each

experiment. Statistical significance was defined as *p <0.05, and data are reported as mean + SEM.
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