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Abstract

Proper timing of rhythmic locomotor behavior is the consequence of integrating environmen-
tal conditions and internal time dictated by the circadian clock. Rhythmic environmental
input like daily light and temperature changes (called Zeitgeber) reset the molecular clock
and entrain it to the environmental time zone the organism lives in. Furthermore, depending
on the absolute temperature or light intensity, flies exhibit their main locomotor activity at dif-
ferent times of day, i.e., environmental input not only entrains the circadian clock but also
determines the phase of a certain behavior. To understand how the brain clock can distin-
guish between (or integrate) an entraining Zeitgeber and environmental effects on activity
phase, we attempted to entrain the clock with a Zeitgeber different from the environmental
input used for phasing the behavior. 150 clock neurons in the Drosophila melanogaster
brain control different aspects of the daily activity rhythms and are organized in various clus-
ters. During regular 12 h light: 12 h dark cycles at constant mild temperature (LD 25°C, LD
being the Zeitgeber), so called morning oscillator (MO) neurons control the increase of loco-
motor activity just before lights-on, while evening oscillator (EO) neurons regulate the activ-
ity increase at the end of the day, a few hours before lights-off. Here, using 12 h: 12 h
25°C:16°C temperature cycles as Zeitgeber, we attempted to look at the impact of light on
phasing locomotor behavior. While in constant light and 25°C:16°C temperature cycles
(LLTC), flies show an unimodal locomotor activity peak in the evening, during the same tem-
perature cycle, but in the absence of light (DDTC), the phase of the activity peak is shifted to
the morning. Here, we show that the EO is necessary for synchronized behavior in LLTC but
not for entraining the molecular clock of the other clock neuronal groups, while the MO con-
trols synchronized morning activity in DDTC. Interestingly, our data suggest that the influ-
ence of the EO on the synchronization increases depending on the length of the
photoperiod (constant light vs 12 h of light). Hence, our results show that effects of different
environmental cues on clock entrainment and activity phase can be separated, allowing to
decipher their integration by the circadian clock.
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Author summary

“If a clock is to provide information involved in controlling important functions, then
clearly it must be reasonably reliable” said Colin Pittendrigh, one of the chronobiology
pioneers in 1954. The circadian clock allows organisms to synchronize with their ecologi-
cal niche. For this, the circadian clock uses rhythmic environmental parameters (Zeitge-
ber), the main ones being light and temperature. Hence, Colin Pittendrigh posted a still
unresolved enigma in chronobiology. How can a clock be reliable when its resetting
depends on environmental fluctuations that are not so reliable? Both, light and tempera-
ture vary a lot on a day-to-day basis, and animals respond to these variations depending

on the time of day.
Here, we propose a new model where the molecular clock resets to environmental

cycles in a robust and independent manner, while the underlying neuronal oscillatory net-
work switches its balance towards specific oscillators depending on the environmental
condition thereby leading to distinct behavioral adaptation. To proof this proposed
dogma in fruit flies, using temperature cycles as Zeitgeber, we demonstrate a light-
induced switch of the network balance. Hence, we supply a foundation that in the future
will help to understand how animals use their circadian clock to adapt their behavior to
environmental changes.

Introduction

An important function of the circadian clock is to maintain the synchronization of the organ-
ism with its ecological temporal niche in concert with the natural environmental fluctuations.
Impaired clock synchronization not only negatively impacts fitness of animals but also leads to
severe physical and mental syndromes in humans [1, 2]. To stay on time, the circadian clock is
reset everyday by light changes as well as temperature oscillations, commonly referred to as
“Zeitgeber’ (German for ‘time giver’). Molecularly, circadian clocks are composed of a set of
core clock genes, which regulate their own temporal expression in form of 24-h transcriptional
negative feedback loops [3]. In Drosophila the transcription factors CLOCK (CLK) and
CYCLE (CYC) form a heterodimer that promotes the expression of the period (per) and time-
less (tim) genes. After cytoplasmic accumulation and several post-translational modifications,
PER and TIM translocate to the nucleus to inhibit their own transcription by interacting with
CLK/CYC. Eventually, PER and TIM are degraded, allowing CLK/CYC to start a new round
of this ~24 h molecular cycle. The TIM protein is the link that allows for adjustment of these
molecular oscillations to light:dark cycles. When activated by blue light, the circadian photore-
ceptor CRYPTOCHROME (CRY) interacts with TIM, and both proteins subsequently become
degraded after interacting with the F-box ubiquitin ligase JETLAG (JET) [4-6]. However, CRY
is not expressed in all the clock cells [7] and other CRY-independent mechanisms exist that
mediate light- and activity-dependent degradation of TIM [8-10].

In 12h-12h light-dark and constant 25°C (LD) conditions, fruit flies exhibit crepuscular
behavior and increase their locomotion twice a day: a couple of hours before light-on (morn-
ing anticipation) and about three hours before light-off (evening anticipation). These two loco-
motor activity peaks are controlled by two different oscillators, which nevertheless show
identical peaks and troughs of their molecular oscillations [11, 12]. The current view to explain
this conundrum is that the neuronal activity of these two oscillators cycles with a different
phase [13-15]. The Drosophila brain clock containing these neuronal oscillators is composed
of about 150 neurons distributed along the lateral and dorsal part of the protocerebrum. They
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all express the core clock genes, however they can be distinguished by their anatomical posi-
tion, projection patterns, as well as the neurotransmitters and neuropeptides they express. The
Pigment Dispersing Factor (PDF) neuropeptide is expressed in only eight clock neurons per
hemisphere in the ventro-lateral anterior brain: four large ventro-lateral neurons (I-LNv), pro-
jecting into the accessory medulla and the contralateral optic lobe, as well as four small LNv (s-
LNv), which form the so called morning oscillator (MO) and project into the ipsilateral dorsal
protocerebrum. The evening oscillator (EO) is composed of three dorso-lateral neurons (LNd)
and a 5™ s-LNv that does not express PDF [11, 12]. Both MO and EO express CRY [16]. In
addition, there are four groups of Dorsal Neurons (DN1a, DN1p, DN2, and DN3). The more
posteriorly located DN1p are a heterogeneous group consisting of both CRY* and CRY " neu-
rons. While the CRY" DN1p contribute to the control of morning activity, the CRY neurons
control evening activity, albeit under restrictive light conditions [17-19]. The two more anteri-
orly located DN1a are part of the EO and express CRY [11, 20]. Finally, three CRY" Lateral
Posterior Neurons (LPN) may influence behavior during temperature cycles, based on prefer-
ential synchronization of LPN clock protein oscillations to temperature as compared to LD
cycles [21-23]. Constant light stops the clock in all clock cells and as a consequence, flies are
arrhythmic in this condition [24], presumably because the constant activity of CRY leads to
constant degradation of TIM [5, 25].

Strikingly, temperature cycles are able to overcome LL-induced arrhythmicity in flies carry-
ing a recently evolved allele of the tim gene, called Is-tim [22, 26, 27]. In contrast, flies bearing
the original s-tim allele behave arrhythmic during temperature cycles in LL. This is, because
the S-TIM protein (the only form of TIM encoded by s-tim flies) has a high affinity to CRY,
whereas L-TIM (Is-tim flies generate both S-TIM and L-TIM) has strongly reduced affinity to
CRY and is therefore more stable in the light [28]. Consequently, in the absence of CRY, s-tim
flies also behave rhythmically in LL and temperature cycles [27]. In constant light and 12 h
25°C:12h 16°C (LLTC, 25°C-16°C), Is-tim flies are rhythmic with a single synchronized activ-
ity peak occurring in the evening [26, 27, 29], while in constant darkness the same temperature
cycle (DDTC) leads to a behavioral activity peak in the morning in both s-tim and Is-tim flies
[27]. Hence, while temperature is used as a Zeitgeber, the presence or absence of light influ-
ences the activity phase, presumably by modulating the balance toward one dominant neuro-
nal oscillator. Therefore, we postulated that the EO is responsible for the evening output in
LLTC, while the MO takes over in DDTC [30]. To test this, we genetically manipulated the dif-
ferent clock neuronal subsets, including the morning and evening oscillators, and analyzed the
consequences on locomotor activity in LD, and in temperature cycles during constant light
and constant darkness (LLTC and DDTC). We show that the evening oscillator operating in
LD also regulates the evening peak in LLTC, while in DDTC morning oscillator neurons deter-
mine the phase of active locomotion. Hence, our results point to an environment-dependent
switch (in this case the presence or absence of light) between different oscillators controlling
daily activity phases of the fly.

Results

EO neurons require a functional circadian clock to synchronize evening
activity during temperature cycles in constant light

Under standard LD conditions Drosophila melanogaster exhibits crepuscular behavior with
periods of activity centered around the light transitions in the morning and evening. Interest-
ingly, the evening activity peak observed in LD, is also observed in LLTC [29], albeit with a
phase advance compared to LD. We hypothesized that the timing of this activity peak is con-
trolled by the same clock neurons, known as the evening oscillator (EO). Restricting clock
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function to these cells is sufficient to drive the evening peak in LD [11]. To test whether this
oscillator is required for controlling the behavioral evening activity phase, we interfered with
clock function in restricted groups of clock neurons using the dominant negative form of cycle
(UAS-cchN) [31] (Figs 1 and S1, Table 1). Both Mail79-Gal4 and cry-Gal4[19]- are expressed
in the evening oscillator but also in the s-LNv and the I-LNv [11, 30]. However, Mail79-Gal4
is only weakly expressed in morning oscillator neurons [11]. Furthermore, while cry-Gal4[19]
expression is restricted to clock neurons, Mail79-Gal4 is broadly expressed in non-clock neu-
rons. Flies were exposed to three days of LD followed by two to three days in LL, and subse-
quent LLTC, which was delayed by 5 h compared to LD (Fig 1A). Interestingly, morning
anticipation in LD was not affected by the expression of cyc” in the s-LNv (Fig 1A-1C), pre-
sumably because clock function in the DN1p is sufficient [12, 18]. As expected, expression of
cyc”Y in the morning and evening oscillator with both drivers strongly reduced the amplitude
of the evening peak, which anticipates the environmental transition in both LD and LLTC (Fig
1A-1C). While the startle response to lights-off and the following rapid activity decline in LD
was not affected, both Mail79-Gal4 and cry-Gald[19] > cyc"™ flies showed increased activity
in the cryophase during LLTC (Fig 1A-1C). In the following we focus on the amplitude of the
anticipatory behavioral evening peak, because it is under tight clock-neuronal control and also
influenced by the environment. A decrease in amplitude can be due to reduced synchroniza-
tion within the population, or to reduced speed of activity increase resulting in a delayed activ-
ity peak. To first quantify the amplitude reduction, we calculated the slope for each fly (the
speed of activity increase, Aactivity/At). The two time points (start of activity increase and
activity peak) were determined based on median activity levels (S1A Fig and Materials and
Methods). Using this method, we observed a strong decrease of the slope in both
Mai179>cyc”N and cry[19]>cycPN flies in LD and LLTC (Figs 1D, 1E and S1B). To test
whether this decrease was due to a decrease of synchronization, or a (synchronized) delay of
anticipatory activity, we compared the median of the slope value (Slo,) with the slope of the
median (Sloy,.). Therefore, if fly activity is highly synchronized between individuals, the ratio
of Sloeyp/Slog,e is close to 1 (i.e., most individuals behave similar to the median). While the
Slocxp/Slog,e ratio for the controls was close to 1, it was reduced to ~0.5 for both Mail 79>cchN
and cry[19]>cyc” flies (S1B Fig). In addition, to easily visualize if a population is synchro-
nized, we compared the percentage of flies with a Sloey, > % x Slog, with flies that are below
this value. Indeed, > 80% of the control flies increase their locomotion with Slpey, > ¥ Slpge,
compared to only 50-60% of the Mail179>cyc™™ and cry[19]>cyc”N flies (S1C Fig, blue bars
percentage of flies with Sloey, > %2 of Slog, ‘anticipating’, orange bars percentage of flies with
Sloexp < % of Slog,e ‘non-anticipating’). Taken together, these results indicate that expression
cyc”" in both evening and morning neurons reduces behavioral synchronization of evening
activity in both LD and LLTC.

MO and EO neurons are not required for temperature entrainment of
other clock neurons

How temperature cycles entrain the molecular clock in the brain is not known. Previous obser-
vations suggest that temperature entrainment uses multiple molecular and probably neuronal
circuits involving peripheral thermosensors [32-36]. We therefore tested, whether the absence
of a functional molecular clock in the Mai179 cells could disturb the other clock cells in the
brain. For this, we dissected brains and quantified PER levels on the 6™ day of LLTC at four
different time points. First, we confirmed the circadian clock disruption after cyc™ expression
in Mail79 cells, because we observed only 3 out of 6 LNd at ZTO0 (Fig 2A), while PER levels
were constitutively low in the other Mail79 cells (Fig 2C). In the remaining CRY™ LNd, we
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Fig 1. MO and EO circadian clocks are required for synchronization to temperature cycles in constant light. Male
flies were synchronized to LD 25°C for two days, before being exposed to LL 25°C for three days, followed by
temperature cycles in LL (LLTC 25°C:16°C), which were delayed by 5-h compared to the initial LD cycle. A) Double
plotted average actograms of one representative experiment. N: UAS-cyc™N/+ = 19, Mai179>cyc™ = 21, cry[19]>
cyc®N = 22. Conditions are indicated to the left. White areas indicate lights on and 25°C, grey areas lights off and 25°C
during LD, and blue areas lights-on and 16°C during LLTC. Cartoon on the right shows clock neurons expressing
Mai179 and cry[19] drivers. B-C) Median of normalized locomotor activity during the last day of LD (left) and the 6™
day of LLTC (right). White bars represent lights-on, black bar lights off in LD (left), yellow and blue bars indicate
thermophase (25°C) and cryophase (16°C) in LL, respectively (right). N: UAS—cch N+ =59, Mail79 > cch N = 55,
Mail79-Gal4/+ =59. C) N: UAS—cchN/Jr =36, cry[19] > cchN = 44, cry[19]-Gal4/+ = 47. D-E) Box plots showing the
slope of the evening peak on the last day of LD (D) and the 6t day of LLTC (E). The slope is calculated as follows:
(Actmax—Actzrmin) / (ZTmax—ZTmin), With ZT , being the last time point of the minimum median value and ZT .«
the first time point with the maximum value before startle response to Zeitgeber change. N: UAS-cyc™/+ = 95 (B+C).
For other genotypes see B-C. D) UAS—cch N/ 1 ZT in8.5 cry[19]-Gald/+: ZT 1,;,9.5, Mail79> cch N Mail79-Gald/+,
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cry[19]>cycPN: ZT in9. E) UAS-cyc®N/+ and cry[19]>cycPN: ZT in7, Mail 79>cchN: ZT min7-5, Mail79-Gal4/+:

ZT in6.5, cry[19]-Gald/+: ZT ;,5.5. UAS—cchN/+: ZT max11.5, Mui179>cchN: ZT max11.5 and cry[1 9]>cchN:

ZT nax11, Mail79-Gald/+: ZT 1,510, and cry[19]-Gald/+: ZT 9. Statistical test: Kruskal wallis [57]. *: p<0.05, **:
p<0.005, ***:p<0.001. In the box plots, the lowest line indicates the first interquartile, the central line the median, the
upper line the third interquartile, the cross the average, and the whiskers indicate the minimum and maximum, except
for outliers.

https://doi.org/10.1371/journal.pgen.1010487.g001

observed normal PER oscillations, albeit with a slight amplitude decrease (Fig 2B). Normal
PER cycling was also maintained in the other, largely CRY ™ neurons, not expressing Mail79
(Fig 2D), indicating that they receive independent temperature input. Flies with ablated morn-
ing and evening oscillator neurons also exhibit synchronized PER oscillations in the DN1-3
during temperature cycles in DD, further supporting the existence of multiple temperature
inputs into the brain clock [37].

EO neurons are necessary for synchronized behavior in constant light and
temperature cycles

In order to restrict cyc”™ expression exclusively to the EO we combined Mail79-Gal4 with
Pdf-Gal80 (Materials and Methods). To test the efficiency of Pdf-Gal80 repression, we dis-
sected Mail79-Gal4 Pdf-Gal80 flies expressing both GFP and cyc” in LD at ZT2 and analyzed
PER and GFP signals. The absence of GFP expression in the PDF cells confirmed the effi-
ciency of Pdf-Gal80. Also, as expected, PER was absent from 2-3 CRY" LNd, but in the 5%
sLNv PER expression was similar as in the I-LNv (Fig 3A), suggesting that in this genotype the
effect of cyc”" expression in the 5™ 5-LNv was not 100% penetrant. Behaviorally, in LLTC the
amplitude of the evening peak was significantly reduced (Fig 3B-3D), demonstrating that a
functional clock in the evening cells is necessary for synchronizing the evening activity peak in
LLTC. Interestingly, although the slope is reduced in LD, Mail79-Gal4 Pdf-Gal80 > cyc"™ flies
are still synchronized (S2A and S2C Fig), whereas in LLTC they are desynchronized (S2B and
S2C Fig). The reduced, but otherwise synchronized slope in LD suggests a delayed activity
peak, which is indeed visible on the first day in LL (Fig 3B). Next, we applied an even more
restricted driver to disturb clock function in a subset of the EO neurons. spE-Gal4 is expressed
in the 5™ s-LNv and the CRY* LNd, but not in the DN1a [38]. Interestingly, expression of
cyc”N does not alter the shape of behavioral evening activity in both LD and LLTC (S3 Fig).
Although this may indicate a prominent role for the DN1a in regulating evening activity, we
think the weak expression of the spE-Gal4 driver allows for sufficient clock function in the 5
s-LNv and the CRY* LNd evening cells of spE > cyc”™ flies (see S5 Fig).

Table 1. List of Gal4 drivers and their expression pattern used in this study.

Line Expression in Reference
Pdf-Gal4 sLNv, ILNv [51]
DvPdf-Gal4 sLNv, 5" sLNv, 3 LNd CRY", 1LNd CRY* [49]
CIk9M-Gal4 sLNv, DN2 [50]
Mail79-Gal4 sLNv, 5" sLNv, 3 LNd CRY*, DN1a [11]
Cry[19]-Gal4 sLNv, 5™ sLNv, 3 LNd CRY*, DN1a [30]
spE-Gal4 5% sLNv, 3 LNd CRY* [38]
R16C05-Gal4 DNla, 2 LNd CRY* [39]
Clk4.1M-Gal4 DN1p [18]
spLPN-Gal4 LPN neurons [54]
Clk856-Gal4 all clock neurons [52]

https://doi.org/10.1371/journal.pgen.1010487.t001
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Fig 2. Blocking clock function in Mail79-Gal4 cells does not prevent temperature synchronization of PER
expression in other clock neurons. PER immunostaining on the 6™ day of LLTC6. A) PER signals in the LNd at ZT0
and ZT12 in controls (UAS-cyc®™/+) and Mai179 >cyc™™ brains. Scale bar: 10um. B) Average relative PER levels in the
LNd. Only the 3 LNd (presumably CRY") were visible and quantified in Mai179 >cyc”™ brains, while all 6 LNd were
quantified in the controls. C, D) Average relative PER levels in the other Lateral (C) and Dorsal Neurons (D).

https://doi.org/10.1371/journal.pgen.1010487.g002

To determine if clock function within the MO or other clock neurons is also required for
the evening activity peak in LLTC, we screened additional clock neuronal Gal4 drivers (S4B
Fig and Table 1). Interestingly, only CIk856-Gal4, which drives expression of cyc”" in all brain
clock neurons, showed a significant decrease of the synchronized evening behavior, while

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010487 November 11, 2022 7/21


https://doi.org/10.1371/journal.pgen.1010487.g002
https://doi.org/10.1371/journal.pgen.1010487

PLOS GENETICS

Neuronal network switching during temperature cycles

A .
Mai179,Pdf-Gal80 > cycPN,GFP
PER . ' ;
3 *
...LNGCR:'
B
UAS-cycPN, Pdf-Gal80/+ Mai179,Pdf-Gal80 > cycPN Mai179-Gal4/+
- A et Lo A A A N  NERy. SOV
LD A o N re— A - . . A .. &
3 N . e A . 3 TN A
LL & — : :
3 et PS> B b 6 A
% -l A\ - cored 7 HA iy
8 A - .. - — 8 4.
LLTC ® — = no . == T
" - - = " p—— i
2 — 2 e . 2 PSS
! 6 |2~¥ 12 18 0 L 6 12 1 12 18 0 6 1 18 0 12 18 0
time (h) time (h) time (h)
100 - 100 -
280 280
= s P
B B
® 60 T 60
el o
3 2
=40 = 40
£ 1S
$20 820
0 0
— UAS-cycPN Pdf-Gal80/+ — Mai179,Pdf-Gal80 > cycPN
D LD
11 —_
0.8 1 ry 52
0.6 1
S 041 B g
> >
> 0.2 1 =
© - °
g O04-------------- g __"__--- ©
< o <
-0.2 1 .
0.4 1 = 1
-0.6 -

Fig 3. Circadian clock disruption in EO neurons prevents synchronized behavior in temperature cycles during
constant light. A) Immunostaining of a Mai179, Pdf-Gal80>cyc”™,GFP brain at ZT2 in LD (25°C). GFP: green; PER:
red; PDF: blue. Left panel: LNd. The * marks a non-LNd GFP™ cell. Scale bar: 10pum. Cartoon depicts clock neurons
expressing cyc” in Mail79, Pdf-Gal80 flies. B) Average actograms of one representative experiment. N: UAS-cyc”",
Pdf-Gal80/+ = 14, Mai179, Pdf-Gal80>cyc™ = 31, Mail79-Gal4/+ = 16. C) Median of the normalized locomotor
activity during the last day of LD (left) and the 6™ day of LLTC (right). N: UAS-cyc”~,Pdf-Gal80/+ = 34, Mai179, Pdf-
Gal80>cycPN = 48, Mai179-Gal4/+ = 32. D) Box plots showing the slope of the evening peak on the last day of LD
(left) and the 6 day of LLTC (right). Same flies as in (C). For all the genotypes in LD ZT ;, = 9.5. In LLTC, UAS-
cchN,Pdf—GaISO/ + and Mail79, Pdf—GalSO>cchN: ZT min7.5 and Mail79-Gald/+: ZT 6. UAS—cchN,Pdf—GaISO/ +:
ZT max11.5, Mai179, Pdf-Gal80>cyc™™: ZT ,,10.5, and Mail79-GAL4/+: ZT ,,,9.5.

https://doi.org/10.1371/journal.pgen.1010487.9003
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none of the other drivers showed significant differences compared to the respective controls in
LLTC. In particular, neither Pdf-Gal4 nor DvPdf-Gal4 which are both expressed in all of the
PDF" MO neurons, had an effect on the evening peak (54 Fig). In agreement with previous
findings [22], this suggests that a functional clock in the MO is not necessary for synchronizing
behavior in LLTC. Moreover the DvPdf-Gal4 result shows that expression of cyc”" in only two
out of the six EO neurons (1 CRY" LNd and the 5% s-LNv, Table 1) is not sufficient to interfere
with synchronizing evening activity in LLTC (54 Fig).

Cell ablations confirm the role of evening neurons for synchronization to
temperature cycles in constant light

To underpin the role of the EO in controlling evening activity, we ablated these neurons using the
Gal4/UAS system to drive expression of the pro apoptotic genes head involution defective (hid)
and reaper (rpr). Because of the broad expression pattern of Mail79-Gal4 outside the brain clock,
activation of UAS-hid,rpr using this driver led to lethality. In contrast, cry[19]>hid,rpr flies are via-
ble and show the almost complete disappearance of the evening peak in LD and in LLTC (Figs 4
and S5A-S5C). Because cry[19]-Gal4 is also expressed in the morning oscillator neurons, we next
used spE-Gal4 in order to ablate the CRY" LNd and the 5% s-LNv [38, 39]. Similar to the
spE>cyc” experiments, there was no obvious difference between spE>hid,rpr flies and their
parental controls in LD and the slope was not significantly different (Figs 4A, S5A and S5B). How-
ever, compared to controls, spE>hid,rpr flies showed a reduced Slo,/Slog, ratio (0.67 for
spE>hid,rpr compared to 0.86 and 0.89 for both parental controls, respectively), which is corre-
lated with a 15% increase of flies showing non-anticipatory behavior (S5C Fig). During LLTC,
spE>hid,rpr flies show a strongly reduced amplitude of the evening activity, accompanied by an
increase of the percentage of desynchronized flies (Fig 4A-4D), confirming the role for the even-
ing neurons during temperature synchronization in constant light. To determine ablation effi-
ciency we dissected spE>hid,rpr flies in LD at ZT2-ZT3 and immunostained the brains with PER
as a marker. Although not 100% penetrant, in the majority of brains only 3 to 4 LNd could be
detected, presumably representing the CRY™ LNd subset. In addition, the 5™ s-LNv was detectable
in 50% of the hemispheres, although it was never detectable in both hemispheres of the same
brain (S5D and S5E Fig). Hence, although the incomplete penetrance of this driver is most likely
responsible for the weak behavioral phenotype in LD, the stronger phenotype observed in LLTC
indicates a more prominent role for the CRY" PDF” neurons in LLTC compared to LD.

To confirm that the MO neurons are not required for the synchronization to LLTC, we
induced their ablation by expressing hid and rpr using Pdf-Gal4 and DvPdf-Gal4. As a positive
control, we also ablated all clock neurons using Clk856-Gal4. Indeed, Clk856 > hid,rpr were
the only flies that were completely desynchronized both in LD and LLTC (S6A and S6C Fig).
As expected, both Pdf > and DvPdf > hid,rpr flies revealed altered behavior in LD, revealing
the typical lack of morning anticipation and advance of the evening peak (S6A and S6B Fig).
Interestingly, we also observed increased desynchronization in LD, particularly with the Pdf-
gal4 driver (S6C Fig). During LLTC, both Pdf > and DvPdf > hid,rpr flies showed robust syn-
chronization (S6 Fig). The slightly decreased synchronization after DvPdf-Gal4 ablation can be
explained by the expression of this driver in a small subset of EO neurons (5™ s-LNvand 1
CRY" LNd). In summary, the ablation experiments strongly support an essential role for the
EO neurons for synchronizing fly behavior to temperature cycles in LL.

Role of EO neurons in temperature cycles during constant darkness

Flies behave differently in LLTC compared to DDTC, even though the temperature regime
remains the same [29]. For example in DDTC (25°C:16°C), flies are synchronized to the

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010487 November 11, 2022 9/21


https://doi.org/10.1371/journal.pgen.1010487

PLOS GENETICS

Neuronal network switching during temperature cycles

A ) )
UAS-hid,rpr/Y Cry[19] > hid,rpr Cry[19]-Gal4/+
LD i | A | I : A A A A A
S o A A A am
: s P s SR, e 7 Ao
LL ¢ : : ’
LLTC ®[i —N s . P —
6 1 “"1 “ 6 18 o 6 12 18 h:! & 6 12 18 0 1 18 “mﬂe " [« 1 [
UAS-hid,UAS-rpr/Y spEcells>hid,rpr spEcells-Gal4/+
A a A b A il A
LY wew ww—j waw  wserwll wew  wewo <
2 e A e e A A = ) ONTa
P, ol @OLNd CRY*
LL ; . .
6 4 3 = e ! - S5y
LLTC ¢ : w— z ; e
o~ h et -
i m—— i A i o AR
B 1 18 h:em 1 1 [] 1 18 n:e(n) 1 1 0 1 18 h:mJ 1 1 o
B
100 - 100
2 2
£ 80 £ 80
S 60 8 60
e el
2 2 49
2 40 2
§ 20 2 20
0 0
ZT0 ZT12 ZT0 ZT12
—UAS-hid, UAS-rpr’Y —UAS-hid,UAS-rpr/Y
—Cry[19] > hid,rpr ——8pEcells > hid,rpr
— Cry[19]-Gal4/+ — SpEcells-Gal4/+
c D B Anticipating
12 1 100 1 I Not anticipating
1 90
0.8 » 801
(0]
%06 g 701
2 G 60 A
> 4
-g 0.4 é 50 4
0.2 1 § 40 4
0 _ 5 30 4
& 20
-0.2 10 4 I
-0.4 1 0
N L X L L X
0.6 A . ‘-\&Q K_\&Q Q\\q\ ‘;\&Q \@Q QQQ
B UAS-hid,rpr7y [ cry[19]>hid, rpr 3 & o S S & QQ;I
N
O spE>hid,ror [ Gald/+ & °
B UAS-hid,rpr7y - O cry[191>hid,ror - O spE>hid,ror [ Gald/+

Fig 4. EO neurons are required for behavioral synchronization to temperature cycles in constant light. A) Double
plotted average actograms of the indicated genotypes. N: UAS-hid,rpr/Y; Is-tim) and cry-Gal4[19]/+ = 20, cry[19]>hid,
rpr = 18, UAS-hid,rpr/Y;s-tim/Is-tim = 20, spE-GAL4/+ = 19, spE > hid,rpr = 19. Cartoons indicate clock neurons that
remain after hid,rpr-induced ablation. B) Median of normalized locomotor activity during day six of LLTC. Left panel:
same flies as in A. N for right panel: UAS-hid,rpr/Y, s-tim/ls-tim = 59, spE>hid,rpr = 55; spE-Gal4/+ = 61. C) Box plots
showing the slope of the evening peak on the 6™ day of LLTC. Same flies as in B. C) Z T, for all the genotypes is
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ZT9.5, except for spE>hid,rpr (ZT min = 10). For left group UAS-hid,rpr/+ and cry-Gal4[19]/+: ZT in4.5, and ZT in2.5

for cry[19]>hid,rpr. For right group UAS-hid,rpr/+ and spE>hid,rpr: ZT in5, and spE-Gald/+: ZT ;,7.5. For left group
UAS-hid,rpr/+: ZT nax7.5, and cry[19]>hid,rpr and cry[19]-GAL4/+: ZT 7. For right group ZT8.5 for UAS-hid,rpr/

+ and spE>hid,rpr: ZT,,,8.5, and spE-Gal4/+: ZT ., 11. D) Percentage of flies anticipating (blue) and not anticipating

(orange) lights-off in LD (left) or the temperature decrease (right). Same flies as in B.

https://doi.org/10.1371/journal.pgen.1010487.9004

beginning, while in LLTC they are synchronized to the end of the thermophase ([29], Fig 1). If,
depending on the light condition, the neuronal network balance switches from one state to
another, the EO should not be operating during DDTC. To test this, we interfered with clock
function by expressing cyc”" in both the MO and EO neurons (cry[19]-Gal4 > cyc™™) or only
in the EO (cry[19]-Gal4, Pdf-Gal80 > cyc”M). Strikingly, while cry[19]Gal4 > cyc"™ flies exhibit
a very broad activity peak, covering almost the entire warm phase, flies with cyc”™ expression
restricted to the EO have their activity peak in the 1° half of the warm phase, indistinguishable
from the controls (Fig 5A and 5B), and suggesting that the MO controls behavior under these
conditions [29, 37]. In addition, while in DD and constant temperature cry[19]-Gal4 > cyc®N
flies become arrhythmic, due to the expression of cyc”" in the s-LNv pacemaker neurons [31],
cry[19]-Gal4, Pdf-Gal80 > cyc”" exhibit synchronized rhythmic activity (Fig 5A and 5C). This
demonstrates both, the effectivity of Pdf-Gal80-mediated repression of cyc”™ expression in the
s-LNv morning cells, and the previous synchronization to temperature cycles (based on the
maintenance of the activity phase obtained during DDTC). Because Mail79-Gal4 expression
is weaker in the MO compared to the EO neurons [11], we also analyzed Mail79>cyc”N in
DDTGC: Strikingly, while synchronization was strongly reduced in LLTC (Fig 1),

Mail79>cyc"" flies exhibited robustly synchronized activity rhythms in DDTC (S7 Fig), how-
ever with a phase delay compared to controls (S7A and S7B Fig). Nonetheless, after switching
to DD, flies free run with the same phase as during the previous DDTC regime, indicating sta-
ble synchronization of the circadian clock and confirming weak s-LNv expression of this
driver (S7A and S7C Fig). Restricting Mail79 > cyc”™ expression to the EO, by introducing
Pdf-Gal80, restored the phase to the beginning of the thermophase as in controls (S7A and S7B
Fig), showing the weak cyc”" expression in the s-LNv is enough to change the phase in DDTC.
In summary, these results show that while the EO controls behavioral synchronization during
LLTC, the MO takes over this role in the absence of light.

Discussion

The daily pattern of locomotor behavior is highly plastic and not only depends on the time of
day but also on the current environmental condition. How the brain clock integrates Zeitgeber
information and various environmental inputs to time locomotor activity is not clear. To
address this important question, we used a specific daily temperature oscillation (25°C-16°C) as
Zeitgeber and light input as the environmental variable. By genetically probing clock- and neu-
ronal function of different parts of the circadian neuronal network in different environmental
conditions, we reveal that the ambient light status determines circadian network balance.

Phase control by the environment

An important question in chronobiology that so far remains unanswered is the mechanism of
entrainment by light and temperature when these two environmental parameters are actually
not so reliable considering their substantial daily variation [40]. Notably, substantial weather-
inflicted variations of temperature and light intensity can occur during the day and these must
not lead to circadian clock resetting. Nonetheless, animals behave quite differently depending
on the current environmental status regardless of their clock entrainment status. For example,
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Fig 5. Clock function in the MO and EO neurons is not required for synchronization to temperature cycles in
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https://doi.org/10.1371/journal.pgen.1010487.g005

fruit flies lose their two anticipatory activities present in LD 25°C at different constant temper-
atures. At warm temperature (>30°C), flies only anticipate the light-on transition while at
colder temperatures (<20°C) they only anticipate the lights-off [41]. On the other hand, when
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temperature cycles are used as Zeitgeber in constant darkness, the absolute temperatures
determine the phase of the activity peak, with TCs of 25°C:16°C and 29°C:20°C inducing activ-
ity in the first half or the second half of the thermophase, respectively [29, 37]. In constant
light however, both temperature cycles result in an activity peak during the second half of the
thermophase [29].

Here, we demonstrate that the EO that drives the evening peak in LD25°C is necessary to
drive the evening peak in LLTC25°C-16°C, while the MO that drives the morning peak in
LD25°C controls the phase in DDTC25°C-16°C. According to our model the ambient envi-
ronmental condition modulates the clock network balance (Fig 6). Hence, the environmental
condition must be taken into account in order to understand the role of each oscillator. Previ-
ously, trying to understand how temperature cycles synchronize flies, a similar approach has
been performed, although in the absence of light and different absolute temperatures, but with
the same amplitude of temperature oscillations (29°C-20°C). Consistent with our findings,
ablating both the MO and EO using a cry-gal4 line lead to largely desynchronized behavior
[37] (Fig 5). As mentioned above, in DDTC 29°C:20°C conditions flies exhibit an afternoon
activity peak, and ablating the PDF neurons does not affect this synchronization [37]. In con-
trast, our data show that a functional clock in the PDF neurons is important for synchronized
morning activity in DDTC 25°C:16°C (Figs 5 and S7). Following our model, we postulate
therefore that the DN1p clock neurons also contribute to the behavioral evening activity dur-
ing warm temperature cycles in constant darkness. The DN1p can drive evening activity dur-
ing DDTC 29°C:20°C and during low intensity LD cycles when the temperature is constant,
while at high light intensity LD cycles they support morning activity [18]. Furthermore, the
DNI1p receive warm input via the TrpAl expressing AC neurons [42]. Interestingly however,
TrpAl is not required for temperature entrainment as such, but shapes behavior under warm
conditions [42-44]. Notably, while the loss of TrpA1l function has no effect on the behavioral
phase in DDTC 25°C:16°C, TrpAl mutant flies show an advanced increase of activity and a
reduced siesta in DDTC 29°C:20°C compared to controls [43]. Hence, taken together these
data re-enforce our model where, depending on the environmental condition, the clock net-
work can change its balance to set behavioral activity phase, bypassing a change of clock
entrainment (Fig 6).

Furthermore, our data suggest that the length of the light period (here 12 h vs 24 h) influ-
ences the involvement of the EO. Ablating the PDF neurons not only advances the evening
peak in LD but it also drastically reduces the synchronization of the flies (S6B and S6C Fig),
while they remain strongly synchronized in LLTC. Furthermore, while ablating the EO, even
with incomplete penetrance, drastically affected the presence of the synchronized evening
peak in LLTG, it only slightly reduced synchronization in LD. Hence, although the clock of the
EO can be entrained independently to light [11], our data indicate that the PDF neurons have
a strong influence on the robustness of EO-output in LD25°C but not in LLTC. This suggests
that the extent of dark periods increases the influence of the PDF neurons during the day. The
evening peak occurs under the same environmental condition (lights-on and 25°C), however
with a slight advance in LLTC compared to LD (Fig 1). Therefore, we propose that the past
experience during the night/cryophase determines the influence of one group toward the
other. In summary, these data confirm that the network status varies with the environmental
condition, and therefore it is crucial to consider the specific environmental conditions when
deciphering the different contributions of circadian network components in regulating beha-
vioural activity. Our simple environmental protocol provides a template to further test and
extend this model. For example, using temperature cycles as Zeitgeber, we can now modify
light quality and intensity to test how the clock network responds to these light variations
while the clock is stably entrained.
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Fig 6. Environmental cues act as Zeitgeber and set behavioral activity Phase. The molecular clock in brain clock
neurons is entrained by light and temperature. However, these two environmental inputs vary on a day to day basis
(e.g., cloudy versus sunny days), and animals change their activity at different times of day in response to the ambient
environmental condition. How does the circadian system distinguish between an input that entrains the circadian
clock (Zeitgeber) and one that after integration by the clock system, sets the daily activity phase? Here, we demonstrate
that the EO determines the behavioral evening peak (®) in the presence of light and 25°C, while the circadian clock is
entrained with a 25°C:16°C temperature cycle. In contrast, the MO determines the morning peak in constant darkness
and 25°C, during the same temperature cycle. We present a model explaining how the environment and the circadian
clock shape locomotor activity. On one hand, the on/up and off/down environmental changes that happen once a day
entrain the molecular clocks in the system (purple arrow). On the other hand, different environmental input such as
light (quality and intensity) and temperature (different levels), here represented by green arrows, are perceived by
different oscillators in different manners. Depending on the time of day (the molecular clock status of the system), this
will lead to a modification of the network balance and a dominancy of one or several oscillators (blue clocks vs grey
ones), resulting in a behavioral activity phase (®) according to the internal timing and the current condition.
Therefore, to biologically demonstrate this model, we fixed a Zeitgeber (in this study TC 25°C-16"C) and tested how
light (here presence/absence) modifies the balance. From this basis, we can now apply more subtle modifications such
as the intensity or the quality of light to change the phase of the behavior and use this to understand the principles
underlying neuronal network switches.

https://doi.org/10.1371/journal.pgen.1010487.g006

Circadian clock entrainment by temperature cycles

Synchronization of clock protein oscillations in LPN neurons is preferentially sensitive to tem-
perature [21-23]. However, we have previously observed that these neurons are not necessary
for rhythmic behavior under TC conditions in both LL and constant darkness [29]. Here, we
confirm the non-requirement of clock function within the LPN for rhythmic locomotor
behavior in LLTC (S4B Fig), suggesting that LPN sensitivity for molecular synchronization to
TC serves another function unrelated to entrainment. Indeed, a recent study shows that the
LPN are activated above 27° and they are important for increased siesta sleep at 30°C [45].
CRY is expressed in about 1/3™ of the clock network in the brain and plays an important role
in light entrainment [7, 46], consistent with the idea that CRY" neurons are more sensitive to
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light and CRY " cells are more sensitive to temperature [23]. Notably, isolated brains can still be
entrained to LD cycles [47], and in the absence of visual input all clock neurons are entrained
to LD [46], indicating that the CRY ™" neurons synchronize the remaining CRY ™ neurons non-
cell autonomously [48]. However, here we demonstrate an essential role of the CRY" neurons
in controlling rhythmic behavior in LLTC. Nevertheless, even in the absence of all CRY" neu-
rons, flies exhibit weak synchronized behavior with an evening phase during temperature
cycles (in LL and DD), suggesting that CRY clock neurons (subsets of DN1,, and LNd, DN2,
and DN3) also play a role in temperature synchronization [29, 37]. Nevertheless, because they
are not able to instruct the CRY" neurons during TC (Fig 2), their role in temperature entrain-
ment is not as prominent as that of CRY" neurons in LD (see above). Moreover, ablation of
PDF" or all three groups of LN (LNv, LNd, LPN) still allows for weak behavioral evening syn-
chronization to 30°C: 25°C TC in LL [22]. Furthermore, the fact that in the absence of a clock
in the Mail79" cells (Fig 2), after ablation of all CRY™ cells [37], or in the absence of all LN
[22], molecular oscillations in other clock neurons can be synchronized, supports the idea that
multiple and independent pathways contribute to temperature entrainment [32, 34-36].

Material and methods
Fly strains

Flies were raised in a 12 h:12 h light dark (LD) cycle on a medium containing0.7% agar, 1.0%
soy flour, 8.0% polenta/maize, 1.8% yeast, 8.0% malt extract, 4.0% molasses, 0.8% propionic
acid, and 2.3% nipagin at 25°C and 60% relative humidity. The following fly lines were used in
this study: Mail179-GAL4/CyO [11], cry[19]-GAL4 [30], spE-Gal4 (JRC-MB122B) [38], DvPdf-
GAL4 [49], R16C05-Gal4 (BL69492) [39], Clk4.1M-GAL4 17, 18], Clk9M-Gal4 [50], Pdf-GAL4
[51], Clk856-GAL4 [52];UAS-cyc™™ [31], Pdf-GAL80 (BL80940), GFP-cry [53]. spLPN-GAL4
(R11B03-p65.AD; R65D05-GAL4.DBD) [54] was provided by Taishi Yoshii. Mail79-GAL4,
UAS-cch N CIk9M-GALA4, and Clk4.1-Gal4 have been outcrossed for 5 generations to iso31 to
standardize the genomic background [55]. We recently showed that only flies carrying at least
one copy of the natural Is-tim allele, encoding both the light sensitive S-TIM and less light sen-
sitive L-TIM protein [27] are able to synchronize to temperature cycles in constant light, while
flies homozygous for the s-tim allele (encoding only S-TIM) cannot [27]. Therefore, all strains
analyzed in this study carry at least one copy of Is-tim.

Behavior

Analysis of locomotor activity of male flies was performed using the Drosophila Activity Mon-
itoring System (DAM?2, Trikinetics Inc., Waltham, MA, USA) with individual flies in record-
ing tubes containing food (2% agar, 4% sucrose). Briefly, DAM2 activity monitors containing
LD-entrained flies were placed inside a light- and temperature-controlled incubator (Percival
Scientific Inc., Perry, IA, USA). Fly activity was monitored for at least 11 days with the first 2
days in LD25°C (700-1000 lux generated by 17W F17T8/TL841 cool white Hg compact fluo-
rescent lamps, Philips) followed by three days in LL 25°C and then LLTC 25°C-16°C with a
shift delayed by 5h relative to the previous LD. The LD behavior analysis was performed on
the last day of LD, while LLTC behavior was analyzed on the 6™ day of LLTC.

Plotting of actograms was performed using a signal-processing toolbox [56] implemented
in MATLAB (MathWorks, Natick, MA, USA). The 24h locomotor activity plots were gener-
ated using a custom excel macro [42]. Activity was averaged into 30 minute bins and normal-
ized to the maximum individual activity level. The median of this normalized activity was
plotted, because it is a more representative parameter of behavioral synchrony compared to
the mean. To measure the slope, we manually determined the latest time point of the

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010487 November 11, 2022 15/21


https://doi.org/10.1371/journal.pgen.1010487

PLOS GENETICS

Neuronal network switching during temperature cycles

minimum median (ZT\;,) and the maximum median (ZT,,.,) before Zeitgeber transition.
The only exception is shown in S7C Fig, where the downbhill slope was analyzed in the subjec-
tive day of DD2, because controls show a better synchronization while decreasing their activ-
ity, compared to the period when activity increases. We calculated for each fly the derivative of
the line between ZT ., and ZT ,;,,: Slope = (Actyax- ACtzrmin)/(tzTmax-tzTmin)- Time was
counted in minutes, but rounded to full hours in figures and legends for convenience. The

box plots were made using Excel. The statistical tests were performed using the freely available
Estimation Statistics [57].

Immunostaining

Adult male Drosophila brains were immuno-stained as described previously [55]. Briefly,
brains were fixed in 4% paraformaldehyde for 20 min at RT, and blocked in 5% goat serum for
1 h at RT. Primary antibodies used were as follows: rabbit anti-DsRed (Clontech)- 1:2000;
mouse anti-PDF (Developmental Studies Hybridoma Bank, DSHB)- 1:2000; mouse anti-
Bruchpilot (nc82, DSHB)- 1:200; chicken anti-GFP (Invitrogen)- 1:1000 —rabbit anti-PER
[58] 1:15000. Alexa-fluor secondary antibodies (goat anti-rabbit 555, goat anti-chicken 488,
goat anti-mouse 488; Invitrogen) were used at 1:2000 except for labeling anti-BRP where goat
anti-mouse 647 where a dilution of 1:500 was used. Confocal images were taken using an
inverted Leica LSP8. PER signal intensity was quantified using an 40x oil-objective and image].
Pixel intensities were normalized to the background after background subtraction [(signal-
background)/background] using Excel.

Supporting information

S1 Fig. MO and EO circadian clocks are required for synchronization to temperature
cycles in constant light. A) Representative median of the normalized activity of control flies
in LD. The white rectangle delimits the 12h of light while the grey box delimits the12h of dark-
ness. This example explains the calculation of the slope (theoretical, Slog,., and experimental,
Sl0exp). Slog, is calculated from the median levels according to the formula (Actrmax- Actzr-
min)/ (tZTmax-tzTmin) €Xplained in Materials and Methods. For example here, the median activ-
ity of the first maximum before light-off (ZT11.5) is 67.6. Hence, here Slog,. = (67.6-0)/(691-
511) = 0.38. The calculation is made with the ZT in minutes. Slo.; is the median of the indi-
vidual calculated slopes. B) Values of the Sloge, Sloey, and the ratio Sloe,,/Slog, of the indi-
cated genotypes in LD and LLTCé. If fly activity is highly synchronized between individuals,
the ratio of Sloey,/Slog,e is close to 1 (i.e., most individuals behave similar to the median), while
for desynchronized populations the Slo.y,/Slog,. ratio is smaller (i.e., many individuals deviate
from the median). C) In addition, we calculated the percentage of flies for each genotype with
a Sloeyp, > % of the Slog,e where a high versus low percentage again indicates synchronized or
desynchronized behavior, respectively. Indeed, > 80% of the control flies increase their loco-
motion with Sloey, > ¥4 Slog,, compared to only 50-60% of the Mail 79>cchN and cry[19]>
cch N flies (S1C Fig, blue bars percentage of flies with Sloey, > % of Sloy, ‘anticipating’, orange
bars percentage of flies with Sloc,, < ¥ of Slog,. ‘non-anticipating’). Same flies as in Fig 1B~
1E).

(TIF)

S2 Fig. Circadian clock disruption in EO neurons prevents synchronized behavior in tem-
perature cycles during constant light. A-B) Slog,e, Slo.y, values and the ratio Sloey,/Slog,e of
the indicated genotypes in LD (A) and on day six of LLTC (B). C) Percentage of flies anticipat-
ing (blue) and not anticipating (orange) lights-off (left) or the temperature decrease (right),
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defined as described in the legend of S1 Fig and in Materials and Methods. Same flies as in Fig
3C-3D.
(TIF)

S3 Fig. Stopping the clock with the spE-Gal4 driver does not prevent synchronization to
light:dark or temperature cycles. A) Double plotted average actograms of the indicated geno-
types. Cartoon on the right shows the clock neurons expressing spE-Gal4. N: UAS-cyc”N/+ =
19, spE > cycP™ = 20, spE-Gal-4/+ = 19. B) Median of normalized locomotor activity (left) and
slope (right) in LD and LLTCS6. N: UAS-cyc”N/+ = 58, spE > cyc”Y = 60, spE-Gal-4/+ = 46. Sta-
tistical test: Kruskal wallis [57]. *: p<0.05, **:p<0.005, ***:p<0.001. C) Values of the Sloy,.,
Sloeyp and the ratio Sloey,,/Slog, of the indicated genotypes in LD and LLTC6. Same flies as in
B. D) Percentage of flies anticipating (blue) and not anticipating (orange) lights-off (left) or the
temperature decrease (right), defined as described in the legend of S1 Fig and in Materials and
Methods. Same flies as in B.

(TIF)

$4 Fig. Stopping the clock in non-EO neurons does not affect the circadian activity in
LLTC. A) Double plotted average actograms of the indicated genotypes. Cartoon on the right
shows the clock neurons expressing DvPdf-Gal4. Note the LNd CRY" are in red. N: UAS-
cycPNI+ = 18, DvPdf > cyc”N = 20, DvPdf-Gal-4/+ = 19. B) Box plots showing the slope of the
evening peak on the 6™ day of LLTC. N: UAS-cyc™™/+ = 172, 20 < Gal4>cyc™™ < 41,18 <
Gal4/+ < 40.

(TIF)

§5 Fig. EO neurons are required for behavioral synchronization to temperature cycles in
constant light. A) Median of normalized locomotor activity in LD. Same flies as in Fig 4B. B)
Box plots showing the slope of the evening peak in LD. Same flies as in Fig 4B and 4C) Percent-
age of flies anticipating (blue) and not anticipating (orange) lights-off in LD. D) Immunostain-
ing of lateral neurons. spE-Gal4 drives expression of the nuclear marker dsRed, CRY" neurons
are labeled by expression of a GFP-CRY fusion protein [53]. Scale bar 10um E) Immunostain-
ing and quantification to determine the number of ablated neurons after hid and rpr expres-
sion in spE cells. Flies were dissected at ZT2 in LD. The graph on the right shows the average
number of LNd and 5™-sLNv cells observed. Number of brains per genotype is 11.

(TIF)

S6 Fig. MO neurons are not required for synchronization to temperature cycles in constant
light. A) Double plotted average actograms of the indicated genotypes. Cartoon on the right
showing morning and evening clock neurons, remaining after ablation using the DvPdf driver.
N: UAS-hid,rpr/Y;ls-tim = 21, Clk856>hid,rpr = 24, DvPdf>hid,rpr = 24. B) Median of normal-
ized locomotor activity in LD (left) and during day six of LLTC (right). N: UAS-hid,rpr/Y;ls-
tim = 34, Pdf > hid,rpr = 50, Pdf-Gal4/+ = 34, DvPdf>hid,rpr = 28, DvPdf-Gal4/+ = 44. C) Per-
centage of flies anticipating (blue) and not anticipating (orange) lights-off in LD (left) or the
temperature decrease (right). Same flies as in B, and N for Clk856>hid,rpr = 24, clk856-Gal4/+
=44,

(TIF)

S7 Fig. Clock function in EO neurons is not required for synchronization to temperature
cycles in constant darkness. Double plotted average actograms of the indicated genotypes. N:
UAS-cycPN/+ = 20, Mai179>cyc”N = 19, Clk856>cyc”N = 31, Mail79,pdf-Gal80>cyc"N = 14.
B) Median of normalized locomotor activity during the 6™ day of DDTC. N: UAS-cyc™/+ =
20, Mai179>cyc”N = 19, Mai179-Gald/+ (left) = 20, UAS-cyc”™,pdf-Gal80/+ = 21, Mail79,pdf-
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Gal80>cycPN = 14, Mail79-Gal4/+ (right) = 17. C) Percentage of flies decreasing their loco-
motion with a slope steeper (blue), or lower (orange) than 50% of the theoretical slope after
the morning peak at DD2 following DDTC. Same flies as in panel B and Fig 5C.

(TIF)

S1 Data. Data sheet with all data used to graph main and supplemental Figures. Excel file
containing all data used for generating main and supplemental Figure graphs as well as statisti-
cal tests.

(XLSX)

Acknowledgments
We thank Paul Hardin, Frangois Rouyer, and Taishi Yoshii for providing fly strains.

Author Contributions

Conceptualization: Ralf Stanewsky, Angelique Lamaze.

Data curation: Clara Lorber, Solene Leleux, Angelique Lamaze.
Formal analysis: Clara Lorber, Solene Leleux, Angelique Lamaze.
Funding acquisition: Ralf Stanewsky, Angelique Lamaze.
Investigation: Clara Lorber, Solene Leleux, Angelique Lamaze.
Methodology: Angelique Lamaze.

Project administration: Angelique Lamaze.

Supervision: Ralf Stanewsky, Angelique Lamaze.

Validation: Angelique Lamaze.

Visualization: Angelique Lamaze.

Writing - original draft: Ralf Stanewsky.

Writing - review & editing: Ralf Stanewsky, Angelique Lamaze.

References

1. Michael TP, Salomé PA, Yu HJ, Spencer TR, Sharp EL, McPeek MA, et al. Enhanced Fitness Con-
ferred by Naturally Occurring Variation in the Circadian Clock. Science. 2003; 302: 1049—1053. https://
doi.org/10.1126/science.1082971 PMID: 14605371

2. Bechtold DA, Gibbs JE, Loudon ASI. Circadian dysfunction in disease. Trends Pharmacol Sci. 2010;
31:191-198. https://doi.org/10.1016/j.tips.2010.01.002 PMID: 20171747

3. Tataroglu O, Emery P. The molecular ticks of the Drosophila circadian clock. Curr Opin Insect Sci.
2015; 7: 51-57. https://doi.org/10.1016/j.cois.2015.01.002 PMID: 26120561

4. KohK, Zheng X, Sehgal A. JETLAG Resets the Drosophila Circadian Clock by Promoting Light-Induced
Degradation of TIMELESS. Science. 2006; 312: 1809-1812. https://doi.org/10.1126/science.1124951
PMID: 16794082

5. Peschel N, Chen KF, Szabo G, Stanewsky R. Light-dependent interactions between the Drosophila cir-
cadian clock factors cryptochrome, jetlag, and timeless. Curr Biol. 2009; 19: 241—7. https://doi.org/10.
1016/j.cub.2008.12.042 PMID: 19185492

6. Peschel N, Veleri S, Stanewsky R. Veela defines a molecular link between Cryptochrome and Timeless
in the light-input pathway to Drosophila’s circadian clock. Proc Natl Acad Sci U S A. 2006; 103: 17313—
17318. https://doi.org/10.1073/pnas.0606675103 PMID: 17068124

7. Yoshii T, Todo T, Wilbeck C, Stanewsky R, C H-F. Cryptochrome is present in the compound eyes and
a subset ofDrosophila’s clock neurons. J Comp Neurol. 2008; 508: 952—-966. https://doi.org/10.1002/
cne.21702 PMID: 18399544

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010487 November 11, 2022 18/21


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010487.s008
https://doi.org/10.1126/science.1082971
https://doi.org/10.1126/science.1082971
http://www.ncbi.nlm.nih.gov/pubmed/14605371
https://doi.org/10.1016/j.tips.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20171747
https://doi.org/10.1016/j.cois.2015.01.002
http://www.ncbi.nlm.nih.gov/pubmed/26120561
https://doi.org/10.1126/science.1124951
http://www.ncbi.nlm.nih.gov/pubmed/16794082
https://doi.org/10.1016/j.cub.2008.12.042
https://doi.org/10.1016/j.cub.2008.12.042
http://www.ncbi.nlm.nih.gov/pubmed/19185492
https://doi.org/10.1073/pnas.0606675103
http://www.ncbi.nlm.nih.gov/pubmed/17068124
https://doi.org/10.1002/cne.21702
https://doi.org/10.1002/cne.21702
http://www.ncbi.nlm.nih.gov/pubmed/18399544
https://doi.org/10.1371/journal.pgen.1010487

PLOS GENETICS

Neuronal network switching during temperature cycles

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Guo F, Cerullo I, Chen X, Rosbash M. PDF neuron firing phase-shifts key circadian activity neurons in
Drosophila. Elife. 2014; 3: e02780. https://doi.org/10.7554/eLife.02780 PMID: 24939987

Ogueta M, Hardie RC, Stanewsky R. Non-canonical Phototransduction Mediates Synchronization of
the Drosophila melanogaster Circadian Clock and Retinal Light Responses. Curr Biol. 2018; 28: 1725—
1735.e3. https://doi.org/10.1016/j.cub.2018.04.016 PMID: 29779871

Klarsfeld A, Picot M, Vias C, Chélot E, Rouyer F. Identifying Specific Light Inputs for Each Subgroup of
Brain Clock Neurons in Drosophila Larvae. J Neurosci. 2011; 31: 17406—17415. https://doi.org/10.
1523/JNEUROSCI.5159-10.2011 PMID: 22131402

Grima B, Chélot E, Xia R, Rouyer F. Morning and evening peaks of activity rely on different clock neu-
rons of the Drosophila brain. Nature. 2004; 431: 869—-873. https://doi.org/10.1038/nature02935 PMID:
15483616

Stoleru D, Peng Y, Agosto J, Rosbash M. Coupled oscillators control morning and evening locomotor
behaviour of Drosophila. Nature. 2004; 431: 862—868. https://doi.org/10.1038/nature02926 PMID:
15483615

Liang X, Holy TE, Taghert PH. A Series of Suppressive Signals within the Drosophila Circadian Neural
Circuit Generates Sequential Daily Outputs. Neuron. 2017; 94: 1173—1189.e4. https://doi.org/10.1016/].
neuron.2017.05.007 PMID: 28552314

Liang X, Ho MCW, Zhang Y, Li Y, Wu MN, Holy TE, et al. Morning and Evening Circadian Pacemakers
Independently Drive Premotor Centers via a Specific Dopamine Relay. Neuron. 2019; 102: 843-857.
e4. https://doi.org/10.1016/j.neuron.2019.03.028 PMID: 30981533

Liang X, Holy TE, Taghert PH. Synchronous Drosophila circadian pacemakers display nonsynchronous
Ca®* rhythms in vivo. Science. 2016; 351: 976-981. https://doi.org/10.1126/science.aad3997 PMID:
26917772

Yoshii T, Todo T, Willbeck C, Stanewsky R, Charlotte H-F. Cryptochrome is present in the compound
eyes and a subset of Drosophila’s clock neurons. J Comp Neurol. 2008; 508: 952—966. https://doi.org/
10.1002/cne.21702 PMID: 18399544

Zhang L, Chung B, Lear B, Kilman V, Liu Y, Mahesh G, et al. DN1p Circadian Neurons Coordinate
Acute Light and PDF Inputs to Produce Robust Daily Behavior in Drosophila. Curr Biol. 2010; 20: 591—
599. https://doi.org/10.1016/j.cub.2010.02.056 PMID: 20362452

Zhang'Y, Liu Y, Diana B-W, Hardin PE, Emery P. Light and Temperature Control the Contribution of
Specific DN1 Neurons to Drosophila Circadian Behavior. 2010; 20: 600-605. https://doi.org/10.1016/j.
cub.2010.02.044 PMID: 20362449

Chatterjee A, Lamaze A, De J, Mena W, Chélot E, Martin B, et al. Reconfiguration of a Multi-oscillator
Network by Light in the Drosophila Circadian Clock. Curr Biol. 2018; 28: 2007—2017.e4. https://doi.org/
10.1016/j.cub.2018.04.064 PMID: 29910074

Alpert MH, Frank DD, Kaspi E, Flourakis M, Zaharieva EE, Allada R, et al. A Circuit Encoding Absolute
Cold Temperature in Drosophila. Current Biology. 2020; 30: 2275-2288.e5. https://doi.org/10.1016/j.
cub.2020.04.038 PMID: 32442464

Miyasako Y, Umezaki Y, Tomioka K. Separate Sets of Cerebral Clock Neurons Are Responsible for
Light and Temperature Entrainment of Drosophila Circadian Locomotor Rhythms. J Biol Rhythm. 2007;
22:115-126. https://doi.org/10.1177/0748730407299344 PMID: 17440213

Yoshii T, Heshiki Y, Tadashi I-I, Matsumoto A, Tanimura T, Tomioka K. Temperature cycles drive Dro-
sophila circadian oscillation in constant light that otherwise induces behavioural arrhythmicity. Eur J
Neurosci. 2005; 22: 1176—1184. https://doi.org/10.1111/j.1460-9568.2005.04295.x PMID: 16176360

Yoshii T, Hermann C, Charlotte H-F. Cryptochrome-Positive and -Negative Clock Neurons in Drosoph-
ila Entrain Differentially to Light and Temperature. 2010; 25: 387-398. https://doi.org/10.1177/
0748730410381962 PMID: 21135155

Konopka R, Pittendrigh C, Orr D. Reciprocal behaviour associated with altered homeostasis and photo-
sensitivity ofDrosophilaclock mutants. J Neurogenet. 1989; 6: 1—10. https://doi.org/10.3109/
01677068909107096 PMID: 2506319

Busza A, Myai E-L, Rosbash M, Emery P. Roles of the Two Drosophila CRYPTOCHROME Structural
Domains in Circadian Photoreception. Science. 2004; 304: 1503—1506. https://doi.org/10.1126/
science.1096973 PMID: 15178801

Glaser F, Stanewsky R. Temperature Synchronization of the Drosophila Circadian Clock. Curr Biol.
2005; 15: 1352-1363. https://doi.org/10.1016/j.cub.2005.06.056 PMID: 16085487

Lamaze A, Chen C, Leleux S, Xu M, George R, Stanewsky R. A natural timeless polymorphism allowing
circadian clock synchronization in “white nights.” Nat Commun. 2022; 13: 1724. https://doi.org/10.1038/
s41467-022-29293-6 PMID: 35361756

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010487 November 11, 2022 19/21


https://doi.org/10.7554/eLife.02780
http://www.ncbi.nlm.nih.gov/pubmed/24939987
https://doi.org/10.1016/j.cub.2018.04.016
http://www.ncbi.nlm.nih.gov/pubmed/29779871
https://doi.org/10.1523/JNEUROSCI.5159-10.2011
https://doi.org/10.1523/JNEUROSCI.5159-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/22131402
https://doi.org/10.1038/nature02935
http://www.ncbi.nlm.nih.gov/pubmed/15483616
https://doi.org/10.1038/nature02926
http://www.ncbi.nlm.nih.gov/pubmed/15483615
https://doi.org/10.1016/j.neuron.2017.05.007
https://doi.org/10.1016/j.neuron.2017.05.007
http://www.ncbi.nlm.nih.gov/pubmed/28552314
https://doi.org/10.1016/j.neuron.2019.03.028
http://www.ncbi.nlm.nih.gov/pubmed/30981533
https://doi.org/10.1126/science.aad3997
http://www.ncbi.nlm.nih.gov/pubmed/26917772
https://doi.org/10.1002/cne.21702
https://doi.org/10.1002/cne.21702
http://www.ncbi.nlm.nih.gov/pubmed/18399544
https://doi.org/10.1016/j.cub.2010.02.056
http://www.ncbi.nlm.nih.gov/pubmed/20362452
https://doi.org/10.1016/j.cub.2010.02.044
https://doi.org/10.1016/j.cub.2010.02.044
http://www.ncbi.nlm.nih.gov/pubmed/20362449
https://doi.org/10.1016/j.cub.2018.04.064
https://doi.org/10.1016/j.cub.2018.04.064
http://www.ncbi.nlm.nih.gov/pubmed/29910074
https://doi.org/10.1016/j.cub.2020.04.038
https://doi.org/10.1016/j.cub.2020.04.038
http://www.ncbi.nlm.nih.gov/pubmed/32442464
https://doi.org/10.1177/0748730407299344
http://www.ncbi.nlm.nih.gov/pubmed/17440213
https://doi.org/10.1111/j.1460-9568.2005.04295.x
http://www.ncbi.nlm.nih.gov/pubmed/16176360
https://doi.org/10.1177/0748730410381962
https://doi.org/10.1177/0748730410381962
http://www.ncbi.nlm.nih.gov/pubmed/21135155
https://doi.org/10.3109/01677068909107096
https://doi.org/10.3109/01677068909107096
http://www.ncbi.nlm.nih.gov/pubmed/2506319
https://doi.org/10.1126/science.1096973
https://doi.org/10.1126/science.1096973
http://www.ncbi.nlm.nih.gov/pubmed/15178801
https://doi.org/10.1016/j.cub.2005.06.056
http://www.ncbi.nlm.nih.gov/pubmed/16085487
https://doi.org/10.1038/s41467-022-29293-6
https://doi.org/10.1038/s41467-022-29293-6
http://www.ncbi.nlm.nih.gov/pubmed/35361756
https://doi.org/10.1371/journal.pgen.1010487

PLOS GENETICS

Neuronal network switching during temperature cycles

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

Sandrelli F, Tauber E, Pegoraro M, Mazzotta G, Cisotto P, Landskron J, et al. A Molecular Basis for Nat-
ural Selection at the timeless Locus in Drosophila melanogaster. Science. 2007; 316: 1898—1900.
https://doi.org/10.1126/science.1138426 PMID: 17600216

Gentile C, Sehadova H, Simoni A, Chen C, Stanewsky R. Cryptochrome antagonizes synchronization
of Drosophila’s circadian clock to temperature cycles. Curr Biol. 2013; 23: 185-95. https://doi.org/10.
1016/j.cub.2012.12.023 PMID: 23333312

Picot M, Cusumano P, Klarsfeld A, Ueda R, Rouyer F. Light Activates Output from Evening Neurons
and Inhibits Output from Morning Neurons in the Drosophila Circadian Clock. Plos Biol. 2007; 5: €315.
https://doi.org/10.1371/journal.pbio.0050315 PMID: 18044989

Tanoue S, Krishnan P, Krishnan B, Dryer S, Hardin P. Circadian clocks in antennal neurons are neces-
sary and sufficient for olfaction rhythms inDrosophila. Current biology: CB. 2004; 14: 638—649. hitps://
doi.org/10.1016/j.cub.2004.04.009 PMID: 15084278

Chen C, Buhl E, Xu M, Croset V, Rees JS, Lilley KS, et al. Drosophila lonotropic Receptor 25a mediates
circadian clock resetting by temperature. Nature. 2015; 527: 516-520. https://doi.org/10.1038/
nature16148 PMID: 26580016

Chen C, Xu M, Anantaprakorn Y, Rosing M, Stanewsky R. nocte Is Required for Integrating Light and
Temperature Inputs in Circadian Clock Neurons of Drosophila. Curr Biol. 2018; 28: 1595—-1605.e3.
https://doi.org/10.1016/j.cub.2018.04.001 PMID: 29754901

George R, Stanewsky R. Peripheral Sensory Organs Contribute to Temperature Synchronization of the
Circadian Clock in Drosophila melanogaster. Front Physiol. 2021; 12: 622545. https://doi.org/10.3389/
fphys.2021.622545 PMID: 33603678

Roessingh S, Rosing M, Marunova M, Ogueta M, George R, Lamaze A, et al. Temperature synchroni-
zation of the Drosophila circadian clock protein PERIOD is controlled by the TRPA channel PYREXIA.
Commun Biol. 2019; 2: 246. https://doi.org/10.1038/s42003-019-0497-0 PMID: 31286063

Yadlapalli S, Jiang C, Bahle A, Reddy P, Meyhofer E, Shafer OT. Circadian clock neurons constantly
monitor environmental temperature to set sleep timing. Nature. 2018; 555: 98—102. https://doi.org/10.
1038/nature25740 PMID: 29466329

Busza A, Murad A, Emery P. Interactions between Circadian Neurons Control Temperature Synchroni-
zation of Drosophila Behavior. J Neurosci. 2007; 27: 10722—-10733. https://doi.org/10.1523/
JNEUROSCI.2479-07.2007 PMID: 17913906

Guo F, Chen X, Rosbash M. Temporal calcium profiling of specific circadian neurons in freely moving
flies. Proc Natl Acad Sci USA. 2017; 114: E8780—-E8787. https://doi.org/10.1073/pnas.1706608114
PMID: 28973886

Schubert FK, Hagedorn N, Yoshii T, Helfrich-Férster C, Rieger D. Neuroanatomical details of the lateral
neurons of Drosophila melanogaster support their functional role in the circadian system. J Comp Neu-
rol. 2018; 526: 1209-1231. https://doi.org/10.1002/cne.24406 PMID: 29424420

Daan S. The Colin S. Pittendrigh Lecture. Colin Pittendrigh, Jiirgen Aschoff, and the natural entrainment
of circadian systems. J Biol Rhythms. 2000; 15: 195-207. https://doi.org/10.1177/
074873040001500301 PMID: 10885874

Majercak J, Sidote D, Hardin P, Edery |. How a Circadian Clock Adapts to Seasonal Decreases in Tem-
perature and Day Length. Neuron. 1999; 24: 219-230. https://doi.org/10.1016/s0896-6273(00)80834-x
PMID: 10677039

Lamaze A, Oztiirk-Colak A, Fischer R, Peschel N, Koh K, Jepson JEC. Regulation of sleep plasticity by
a thermo-sensitive circuit in Drosophila. Sci Rep. 2017; 7: 40304. https://doi.org/10.1038/srep40304
PMID: 28084307

Roessingh S, Wolfgang W, Stanewsky R. Loss of Drosophila melanogaster TRPA1 Function Affects
“Siesta” Behavior but Not Synchronization to Temperature Cycles. J Biol Rhythms. 2015; 30: 492-505.
https://doi.org/10.1177/0748730415605633 PMID: 26459465

Das A, Holmes TC, Sheeba V. dTRPA1 Modulates Afternoon Peak of Activity of Fruit Flies Drosophila
melanogaster. 2015; 10: e0134213. https://doi.org/10.1371/journal.pone.0134213 PMID: 26226013

Alpert MH, Gil H, Para A, Gallio M. A thermometer circuit for hot temperature adjusts Drosophila behav-
jor to persistent heat. Curr Biol. 2022; 32: 4079-4087.e4. https://doi.org/10.1016/j.cub.2022.07.060
PMID: 35981537

Helfrich-Forster C, Winter C, Hofbauer A, Hall JC, Stanewsky R. The circadian clock of fruit flies is blind
after elimination of all known photoreceptors. Neuron. 2001; 30: 249-61. https://doi.org/10.1016/s0896-
6273(01)00277-x PMID: 11343659

Sehadova H, Glaser FT, Gentile C, Simoni A, Giesecke A, Albert JT, et al. Temperature entrainment of
Drosophila’s circadian clock involves the gene nocte and signaling from peripheral sensory tissues to
the brain. Neuron. 2009; 64: 251-66. https://doi.org/10.1016/j.neuron.2009.08.026 PMID: 19874792

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010487 November 11, 2022 20/21


https://doi.org/10.1126/science.1138426
http://www.ncbi.nlm.nih.gov/pubmed/17600216
https://doi.org/10.1016/j.cub.2012.12.023
https://doi.org/10.1016/j.cub.2012.12.023
http://www.ncbi.nlm.nih.gov/pubmed/23333312
https://doi.org/10.1371/journal.pbio.0050315
http://www.ncbi.nlm.nih.gov/pubmed/18044989
https://doi.org/10.1016/j.cub.2004.04.009
https://doi.org/10.1016/j.cub.2004.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15084278
https://doi.org/10.1038/nature16148
https://doi.org/10.1038/nature16148
http://www.ncbi.nlm.nih.gov/pubmed/26580016
https://doi.org/10.1016/j.cub.2018.04.001
http://www.ncbi.nlm.nih.gov/pubmed/29754901
https://doi.org/10.3389/fphys.2021.622545
https://doi.org/10.3389/fphys.2021.622545
http://www.ncbi.nlm.nih.gov/pubmed/33603678
https://doi.org/10.1038/s42003-019-0497-0
http://www.ncbi.nlm.nih.gov/pubmed/31286063
https://doi.org/10.1038/nature25740
https://doi.org/10.1038/nature25740
http://www.ncbi.nlm.nih.gov/pubmed/29466329
https://doi.org/10.1523/JNEUROSCI.2479-07.2007
https://doi.org/10.1523/JNEUROSCI.2479-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17913906
https://doi.org/10.1073/pnas.1706608114
http://www.ncbi.nlm.nih.gov/pubmed/28973886
https://doi.org/10.1002/cne.24406
http://www.ncbi.nlm.nih.gov/pubmed/29424420
https://doi.org/10.1177/074873040001500301
https://doi.org/10.1177/074873040001500301
http://www.ncbi.nlm.nih.gov/pubmed/10885874
https://doi.org/10.1016/s0896-6273%2800%2980834-x
http://www.ncbi.nlm.nih.gov/pubmed/10677039
https://doi.org/10.1038/srep40304
http://www.ncbi.nlm.nih.gov/pubmed/28084307
https://doi.org/10.1177/0748730415605633
http://www.ncbi.nlm.nih.gov/pubmed/26459465
https://doi.org/10.1371/journal.pone.0134213
http://www.ncbi.nlm.nih.gov/pubmed/26226013
https://doi.org/10.1016/j.cub.2022.07.060
http://www.ncbi.nlm.nih.gov/pubmed/35981537
https://doi.org/10.1016/s0896-6273%2801%2900277-x
https://doi.org/10.1016/s0896-6273%2801%2900277-x
http://www.ncbi.nlm.nih.gov/pubmed/11343659
https://doi.org/10.1016/j.neuron.2009.08.026
http://www.ncbi.nlm.nih.gov/pubmed/19874792
https://doi.org/10.1371/journal.pgen.1010487

PLOS GENETICS

Neuronal network switching during temperature cycles

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Lamba P, Bilodeau-Wentworth D, Emery P, Zhang Y. Morning and evening oscillators cooperate to
reset circadian behavior in response to light input. Cell reports. 2014; 7: 601-8. https://doi.org/10.1016/
j.celrep.2014.03.044 PMID: 24746814

Bahn JH, Lee G, Park JH. Comparative analysis of Pdf-mediated circadian behaviors between Dro-
sophila melanogaster and D. virilis. Genetics. 2009; 181: 965-975. https://doi.org/10.1534/genetics.
108.099069 PMID: 19153257

Kaneko H, Head LM, Ling J, Tang X, Liu Y, Hardin PE, et al. Circadian Rhythm of Temperature Prefer-
ence and Its Neural Control in Drosophila. 2012; 22: 1851-1857. https://doi.org/10.1016/j.cub.2012.08.
006 PMID: 22981774

Renn S, Park J, Rosbash M, Hall J, Taghert P. A pdf Neuropeptide Gene Mutation and Ablation of PDF
Neurons Each Cause Severe Abnormalities of Behavioral Circadian Rhythms in Drosophila. Cell. 1999;
99: 791-802. https://doi.org/10.1016/s0092-8674(00)81676-1 PMID: 10619432

Gummadova J, Coutts G, Glossop N. Analysis of the Drosophila Clock Promoter Reveals Heterogene-
ity in Expression between Subgroups of Central Oscillator Cells and Identifies a Novel Enhancer
Region. 2009; 24: 353-367. https://doi.org/10.1177/0748730409343890 PMID: 19755581

Agrawal P, Houl JH, Gunawardhana KL, Liu T, Zhou J, Zoran MJ, et al. Drosophila CRY Entrains Clocks
in Body Tissues to Light and Maintains Passive Membrane Properties in a Non-clock Body Tissue Inde-
pendent of Light. Curr Biol. 2017; 27: 2431-2441.e3. https://doi.org/10.1016/j.cub.2017.06.064 PMID:
28781048

Sekiguchi M, Inoue K, Yang T, Luo D-G, Yoshii T. A Catalog of GAL4 Drivers for Labeling and Manipu-
lating Circadian Clock Neurons in Drosophila melanogaster. J Biol Rhythms. 2020; 35: 207-213.
https://doi.org/10.1177/0748730419895154 PMID: 31856635

Liu S, Lamaze A, Liu Q, Tabuchi M, Yang Y, Fowler M, et al. WIDE AWAKE Mediates the Circadian
Timing of Sleep Onset. Neuron. 2014; 82: 151-166. https://doi.org/10.1016/j.neuron.2014.01.040
PMID: 24631345

Levine J, Funes P, Dowse H, Hall J. Signal analysis of behavioral and molecular cycles. BMC Neurosci.
2002; 3: 1. https://doi.org/10.1186/1471-2202-3-1 PMID: 11825337

Ho J, Tumkaya T, Aryal S, Choi H, Claridge-Chang A. Moving beyond P values: data analysis with esti-
mation graphics. Nat Methods. 2019; 16: 565-566. https://doi.org/10.1038/s41592-019-0470-3 PMID:
31217592

Stanewsky R, Frisch B, Brandes C, MJ H-C, Rosbash M, Hall J. Temporal and spatial expression pat-
terns of transgenes containing increasing amounts of theDrosophilaclock geneperiodand alacZreporter:
mapping elements of the PER protein involved in circadian cycling. The Journal of neuroscience: the
official journal of the Society for Neuroscience. 1997; 17: 676-696.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010487 November 11, 2022 21/21


https://doi.org/10.1016/j.celrep.2014.03.044
https://doi.org/10.1016/j.celrep.2014.03.044
http://www.ncbi.nlm.nih.gov/pubmed/24746814
https://doi.org/10.1534/genetics.108.099069
https://doi.org/10.1534/genetics.108.099069
http://www.ncbi.nlm.nih.gov/pubmed/19153257
https://doi.org/10.1016/j.cub.2012.08.006
https://doi.org/10.1016/j.cub.2012.08.006
http://www.ncbi.nlm.nih.gov/pubmed/22981774
https://doi.org/10.1016/s0092-8674%2800%2981676-1
http://www.ncbi.nlm.nih.gov/pubmed/10619432
https://doi.org/10.1177/0748730409343890
http://www.ncbi.nlm.nih.gov/pubmed/19755581
https://doi.org/10.1016/j.cub.2017.06.064
http://www.ncbi.nlm.nih.gov/pubmed/28781048
https://doi.org/10.1177/0748730419895154
http://www.ncbi.nlm.nih.gov/pubmed/31856635
https://doi.org/10.1016/j.neuron.2014.01.040
http://www.ncbi.nlm.nih.gov/pubmed/24631345
https://doi.org/10.1186/1471-2202-3-1
http://www.ncbi.nlm.nih.gov/pubmed/11825337
https://doi.org/10.1038/s41592-019-0470-3
http://www.ncbi.nlm.nih.gov/pubmed/31217592
https://doi.org/10.1371/journal.pgen.1010487

