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The Pyrexia transient receptor potential
channel mediates circadian clock
synchronization to low temperature
cycles in Drosophila melanogaster

Werner Wolfgang, Alekos Simoni*, Carla Gentile™ and Ralf Stanewsky

School of Biological and Chemical Sciences, Queen Mary, University of London, London E1 4NS, UK

Circadian clocks are endogenous approximately 24 h oscillators that tem-
porally regulate many physiological and behavioural processes. In order
to be beneficial for the organism, these clocks must be synchronized with
the environmental cycles on a daily basis. Both light : dark and the concomi-
tant daily temperature cycles (TCs) function as Zeitgeber (‘time giver’) and
efficiently entrain circadian clocks. The temperature receptors mediating
this synchronization have not been identified. Transient receptor potential
(TRP) channels function as thermo-receptors in animals, and here we
show that the Pyrexia (Pyx) TRP channel mediates temperature synchroniza-
tion in Drosophila melanogaster. Pyx is expressed in peripheral sensory organs
(chordotonal organs), which previously have been implicated in temperature
synchronization. Flies deficient for Pyx function fail to synchronize their be-
haviour to TCs in the lower range (16—-20°C), and this deficit can be partially
rescued by introducing a wild-type copy of the pyx gene. Synchronization to
higher TCs is not affected, demonstrating a specific role for Pyx at lower
temperatures. In addition, pyx mutants speed up their clock after being
exposed to TCs. Our results identify the first TRP channel involved in
temperature synchronization of circadian clocks.

1. Introduction

Circadian clocks allow organisms to adjust their physiology and behaviour to
the daily changes of light and temperature caused by the rotation of the
Earth around its own axis and the concomitant cyclical exposure to sunlight
[1,2]. For example, in addition to escape responses from excessive light and
heat, animals are able to anticipate environmental changes thanks to their circa-
dian timers [3]. Circadian clocks therefore contribute to the overall fitness of
organisms, despite not being essential for the survival of an individual [4].
The combined functions of several so-called ‘clock genes’ constitute the molecu-
lar bases of circadian clocks [1,2,5]. In the fruitfly Drosophila melanogaster, for
example, the clock genes period (per) and timeless (tim) are rhythmically acti-
vated by the transcription factors clock (Clk) and cycle (Cyc). PER and TIM
proteins eventually move back into the nucleus where they inhibit their own
transcription after blocking the activity of Clk and Cyc, forming a negative feed-
back loop. After degradation of PER and TIM, this repression is released so that
the cycle can start again. Various post-translational modifications ensure that
the period of the cycle is adjusted to approximately 24 h [5].

Despite having evolved in a continuously changing environment, circadian
clocks are self-sustained oscillators, meaning that molecular and behavioural
rhythms continue in constant conditions [1]. Synchronization of these oscillations
with the environmental cycles (generally referred to as ‘entrainment’) involves
specific light and temperature inputs to the clock cells [2,5]. Circadian clocks are
extremely sensitive to the daily changes of light and temperature, as for example,
a 2-3°C difference between ‘night” and ‘day’ is sufficient to entrain the Drosophila
clock [3]. Surprisingly, external temperature cycles (TCs) are also able to reset the
circadian clocks of endothermic animals [6,7], while clock-controlled body
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temperature rhythms serve as internal synchronization
signal [8,9]. Despite the exquisite temperature sensitivity with
regard to entrainment, free-running properties of circadian
clocks are temperature-compensated, which ensures that clock
speed does not change at different temperatures. In other
words, the period length of a rhythm observed under constant
conditions varies little in relation to the ambient (constant)
temperature [1]. It is not understood how this apparent conun-
drum (i.e. sensitivity versus compensation) is resolved by the
circadian system.

The temperature receptor(s) for synchronization of the
Drosophila clock have not been identified. It is known that per-
ipheral (non-neuronal) clock cells can be synchronized in a
tissue-autonomous manner, while the central clock neurons in
the brain receive temperature signals from peripheral sense
organs [10—12]. Temperature-sensitive transient receptor poten-
tial (TRP) channels are activated at defined temperature values
[13,14]. Because temperature entrainment in Drosophila can be
achieved with TCs covering their whole physiological tempera-
ture range (15-30°C), it is possible that different TRP channels
are involved in temperature entrainment at different temp-
erature ranges [10,15,16]. The TRP channel encoded by the
pyrexia (pyx) gene is directly activated by temperatures above
38°C and protects flies from high temperature stress [17].
Surprisingly, pyx is also responsible for the response of temp-
erature-sensitive anterior cell (AC) brain neurons, which
regulate the temperature preference behaviour of adult fruitflies
[18,19]. Pyx mediates the AC neuron response between 27°C
and 33°C, suggesting that the Pyx channel may also be activated
indirectly as has been shown for dTRPA1 [19,20]. Here, we
investigated the possibility that Pyx contributes to temperature
entrainment of the fly clock. We find that Pyx mediates temp-
erature entrainment at low temperature intervals (16—-20°C)
but not at higher temperatures (21-29°C). We therefore define
a low temperature range for this TRP channel, and Pyx is the
first member of this protein family shown to be involved in
thermal circadian clock synchronization.

2. Results

To monitor the ability of flies to synchronize to TCs, we
recorded locomotor behaviour under the following conditions:
initially flies were synchronized to a 12 L:12 D cycle at con-
stant temperature. This was followed by a TC (TC1; lasting
5 days) that was phase-delayed by 6 h compared with the
initial light: dark (LD), and a second TC2 (5 days) that was
6 h delayed compared with TC1. The temperatures of TC1
and TC2 in each experiment cycled between 16:20°C,
20:25°Cor 25:29°C. TCs were either accompanied by constant
illumination (LL) or constant darkness (DD), and in the DD
experiments, fly activity was recorded at the constant lower
temperature for several days after the last day of TC2.

(a) Pyrexia is required for synchronization to low

(16: 20°C) temperature cycles in constant light
Wild-type Canton S control flies synchronize their activity peak
during 16 : 20°C TC in LL to the second part of the warm phase
in TC1 (figure 1a). During TC2, they delay their activity onsets,
so that at the end of TC2, the main activity peak occurs during
the middle to second half of the warm phase. In addition,
during both TCs wild-type flies react with a sharp increase of

activity immediately after the transition to the lower tempera- [ 2 |

ture, and during the remaining periods of the warm and cold
phase, they exhibit little activity (figure 1a). A very similar be-
havioural pattern has recently been described for 16 : 25°C TC
using the same double delay conditions [15].

The pyx locus encodes two Pyx proteins (Pyx-PA and
Pyx-PB), which presumably form heterodimers in order to
build a functional channel [17]. If true, any mutant allele
affecting either of the two proteins should interfere with
channel function. We therefore tested four different alleles
alone or in combination for their potential defects in tempera-
ture entrainment: pyx” and pyx’ are P-element insertions that
change the ratio of the pyx-PA and pyx-PB transcripts ( pyx?)
or eliminate them completely (pyx’), whereas the pyx™* (pro-
duce only pyx-PA) and pyx™?(produce only pyx-PB) alleles
are imprecise P-element excisions generated from the pyx’
allele [17]. All pyx mutant flies synchronize normally to LD
but not to shifted 16 : 20°C TC in LL (figure 1b,c; electronic sup-
plementary material S1). While pyx mutants do show a sharp
activity increase after the temperature drop, they lack a synchro-
nized activity peak in the warm phase, and their activity levels
are evenly distributed over the cold and warm phase. Next, we
tried to rescue the pyx’ mutation by introducing a pyx-encoding
transgene ( pyxGe pyx’) that rescues both the pyx” heat-induced
paralysis, as well as the AC neuron response at 27°C [17,19].
Although pyx’ rescue flies were still active during the cold
phase, clear activity peaks are present towards the middle
of the warm phase, indicating at least partial rescue of the
temperature entrainment phenotype (figure 14).

In order to quantify if and to which degree a genotype
entrains to TC, we calculated an ‘entrainment index” (EI) as
previously described (briefly, we determined the ratio
between the activity of Canton S flies occurring during the
obvious peak times (from ZT5.5 to ZT11 for TC1 and TC2;
figure 1a) and the total activity during the 12 h of the warm
phase [15]). This quantification confirmed our interpretations
with highest EI values for Canton S, lowest for the pyx
mutants and significantly increased EI values for the pyxGe
rescue flies compared with the mutants (figure 1e).

(b) Pyrexia is required for synchronization to low
(16 : 20°C) temperature cycles in constant

darkness
In contrast to LL, wild-type flies behave rhythmically in con-
stant darkness (DD) in the absence of any Zeitgebers. We
therefore performed the same TC experiments in DD, and
released the flies into constant temperature and DD at the
end of the TC entrainment to allow comparison of the activity
phases of control flies with those of the pyx mutants. If flies
entrain to TC, they should initiate their free run with a phase
of activity similar to that of the last TC they were exposed to
[16]. Compared with the LL conditions, Canton S flies show
an earlier phased activity peak in TC1 and especially in TC2,
where peak activity occurs already 2-3 h after transition to
the warm phase (figure 2a; cf. [15]). The similar phasing of
the activity peaks at the beginning of the constant conditions
and at the end of TC2 as observed here for Canton S flies
indicates synchronization to the TC (figure 2a).

The pyx mutants showed again defects in synchronizing
their locomotor behaviour to TC in DD. Mutant flies showed
prominent reactions (activity increases) after the temperature
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Figure 1. Pyrexia is required for synchronization to 16 : 20°C TCs in constant light. Locomotor behaviour of (a) Canton S, (b) pyx’, () pyx’/pyx”® and (d) pyxGe pyx’ male
flies was analysed in LD, followed by two 16 : 20°C TCs in constant light (LL) each of which was delayed by 6 h compared with the previous regime. Top graphs show
double-plotted average actograms, depicting behavioural activity throughout the experiment. Below, for the LD and TC parts, the last 3 days were averaged and plotted as
histograms. On the y-axis, average activity (beam crossings/30 min) is indicated, while x-axis represents the 24 h day, whereby each column represents 30 min. White and
grey bars (histograms) or areas (actograms) indicate light and dark periods, respectively. Blue areas indicate cold, orange areas warm periods. Absolute temperatures are
indicated to the left. The number of animals analysed is indicated in each histogram (average of several independent experiments). Average actograms are from one
experiment in which 8—16 flies were tested for each genotype. (e) Plotting of the El for TCT and TC2 with error bars indicating s.e.m. Statistical significance was assessed
by one-way ANOVA followed by Fisher's LSD post hoc test (*p-values << 0.05; ****p-values << 0.0001).

step up, but otherwise keep their main activity peak at the same
position as it was at the end of the LD entrainment, irrespective
of the TC (figure 2b,c; electronic supplementary material S2).
During TC1, all flies show the same activity profile, because
the activity responses to the temperature increase cannot be dis-
tinguished from a synchronized behavioural peak. We therefore
focused our analysis on TC2 and the subsequent free run in

order to determine entrainment. During TC2, the mutant flies’
main activity falls into the middle of the cold phase, because
they fail to shift their main activity peak to the morning
phase as control flies do. As in LL, the pyxGe pyx’ flies
showed intermediate behaviour and resulted in a partial
rescue of pyx’ behaviour. This is most obvious when comparing
the phase of the onset of the free-running activity between
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Figure 2. Pyrexia is required for synchronization to 16 : 20°C TCs in constant darkness. Locomotor behaviour of (a) Canton S, (b) pyx°, (c) pyx’/pyx"® and (d) pyxGe pyx’
male flies was analysed in LD, followed by two 16 : 20°C TCs in constant darkness (DD) as described in the legend to figure 1. After TC2, flies were released to constant
16°Cin DD and the first 3 days were averaged to generate activity histograms. (e,f ) Plotting of the El for TC2 and free run with error bars indicating s.e.m. Statistical
significance was assessed by one-way ANOVA followed by Fisher's LSD post hoc test (*p-values << 0.05; **p-values << 0.01; n.s., not significant).

mutant, rescue and control flies (lower panels in figure 2a—d). We
calculated EI values for TC2 and the final free-run portion of the
experiment, which showed significant differences between the
pyx mutant and the pyxGe pyx’ rescue flies (figure 2e,f ). More-
over, all pyx alleles and combinations differ significantly from
Canton S in TC2, except for one, also in the free run (figure 2;
electronic supplementary material S2). Our results show that

the Pyx channel is required for synchronization to 16:20°C
TC, and that both Pyx-PA and Pyx-PB are equally important
(see electronic supplementary material, figure S2).

As independent demonstration that pyx mutants interfere
with temperature entrainment, we also performed experiments
where we directly compared the behaviour of flies that were
exposed to shifted TC in DD with that of flies that were released
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Figure 3. Pyrexia is not required for synchronization to 25 : 29°C TCs. Locomotor behaviour of (a) Canton S, (b) py)f, (0 pyxg/py)/)fg and (d) pyxGe pyxg male flies
was analysed in LD, followed by two 25:29°CTC in DD as described in the legends to figures 1 and 2. Low and high temperatures are indicated in orange and red,
respectively. After TC2, flies were released to constant 25°C in DD. Note that all genotypes show synchronized activity peaks during this temperature interval.

into constant temperature after the first TC (see electronic sup-
plementary material, figure S3). In Canton S and pyxGe pyx’
rescue flies, the activity peak phases during the last 4 days of
the experiment occurred late or early in the subjective day
when compared between the shifted and constant temperature
control flies, demonstrating that the TC shifts stably resynchro-
nized the flies” behaviour. By contrast, although pyx mutants
did show activity increases in response to the higher tempera-
ture, their activity peak phases in the final free-run part were
not aligned with those occurring at the previous temperature
transitions but appeared to be in phase with the free-running
component observable throughout the shifted TC regimes
(see electronic supplementary material, figure S3). These results
confirm that pyx mutants exhibit altered behavioural patterns
during and after exposure to 16 :20°C TC, indicating impaired
temperature input to the circadian clock.

(c) Pyrexia is not involved in synchronization to higher

temperature intervals
Based on previous reports [17,19], we expected to see pyx effects
on temperature synchronization at higher temperatures.

Surprisingly, both pyx2 and ;oyx3 showed normal synchro-
nization to 20:25°C and to 25:29°C TCs in DD and LL
(figure 3; electronic supplementary material S4; data not
shown). These results suggest that Pyx-mediated activation
of the AC neurons at 27°C is not required for temperature
synchronization in the same temperature range and that
other temperature receptors mediate synchronization to
higher temperature intervals.

(d) Pyrexia is not required for temperature
compensation

As in other organisms, the circadian clock of Drosophila is
well compensated to non-rhythmic changes in ambient temp-
erature, meaning that at different constant temperatures
(i.e. in the absence of TC), the free-running period is very
similar [21]. All TC synchronization mutants known so far do
not affect temperature compensation [10], and we show here
that the same is true for pyx mutations (figure 4a and
table 1). Inspection of the free-running behaviour after TC
entrainment (figures 2 and 3; electronic supplementary
materials S3 and S4) indicated that impaired pyx function
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Figure 4. Pyrexia mutants do not affect temperature compensation but
potentially shorten period length after temperature entrainment. (a) Free-
running periods of male flies of the indicated genotypes at constant temp-
eratures of 18°C, 25°C and 29°C in DD, after initial LD entrainment at the
same temperature. All genotypes show robust temperature compensation.
(b) Free-running periods in DD after LD entrainment and release to constant
18°C (first column) compared with periods after 16 : 20°C (second column)
and 20:25°C (third column) TC entrainment at constant temperatures of
16°C and 20°C, respectively. Note that all genotypes containing either the
pyx or pyx’ allele show significant period shortening, including the pyxGe
pyx rescue flies.

leads to shorter periods in constant conditions. Interestingly,
with the exception of Canton S, free-running periods (in
DD at constant 16°C and 20°C) of all pyx alleles tested
were significantly shorter (between 0.5 and 1.3 h) after TC
when compared with flies of the same genotype that were
entrained in LD and released to 18°C (figure 4b and table 1).
This is particularly obvious when flies were released into con-
stant temperature after only one short TC (see electronic
supplementary material, figure S3). Although these results
may suggest a role for pyx in preventing short period rhythms
after TC entrainment, the fact that pyxGe pyx’ rescue flies also
show TC-dependent period shortening (figure 4b and table 1)
argues against such a role (see Discussion).

(e) Pyrexia is expressed in attachment cells of femur
chordotonal organs

Because chordotonal organs (cho) have been implicated in
temperature entrainment [12], we investigated whether pyx
is also expressed in these sensory structures. Previous studies
had shown pyx expression in the antennal cho, most probably
in the attachment cells, although neuronal expression could
not be excluded [19,22]. To distinguish more clearly between
potential neuronal and/or attachment cells expression, we
crossed pyx-Gal4 flies to flies carrying a nuclear RFP and
mCD8-GFP, and inspected expression in the larger femur

cho. We observed prominent expression in the attachment
cells but no expression within cho neurons (figure 5a—c).

3. Discussion
(a) Role of Pyx in temperature entrainment

Temperature entrainment relevant for the synchronization of
behavioural rhythms of fruitflies involves input from internal
mechanosensory structures called cho [12]. Although largely
known for their function as mechanoreceptors, cho have also
been linked to temperature sensation in Drosophila [23-25].
nocte mutants exhibit cho structural defects in the dendritic
cap of the scolopale cell, which connects the cilia of the cho
neuron with the cap cell (also called attachment cell; figure 5)
[12]. Consistent with a previous study [22], we find that pyx is
expressed in cho cap cells, which connect the cho to the body
wall (figure 5). In conjunction with the lack of pyx expression
in the CNS [22], we interpret the temperature synchronization
defects of pyx mutants as evidence for the involvement of the
cap cells in the process of temperature sensation.

We previously showed that different groups of clock
neurons in the fly brain mediate synchronization to low
and high temperature intervals, with PER expression in the
more ventrally located LNv clock neurons being sufficient
for synchronization to 16:25°C TC [15]. Our finding that
pyx mutants specifically affect entrainment to lower TC there-
fore suggests Pyx’s involvement in a thermal input pathway
to the LNv and, at the same time, that other channels and
receptors mediate synchronization at higher temperatures
involving different clock neurons.

AC neurons express the thermo-sensitive channel dTRPA1
and regulate Drosophila temperature preference behaviour [18].
The dTRPA1 channel is activated at temperatures above 25°C,
which is the preferred temperature of wild-type flies, and
dTRPA1 mutants prefer temperatures above 25°C [18,26]. In
addition, AC neurons respond to slightly higher temperatures
of 27°C, and this response is mediated by Pyx [19]. The AC
neurons do not express Pyx, but synaptic connections from
unidentified Pyx-expressing neurons in the second segment
of the antennae to the AC neurons have been visualized [19].
Interestingly, pyx loss-of-function mutant flies do not show
any defects in temperature preference behaviour, suggesting
an additional role for the AC neurons and pyx [17,19]. In fact,
Tang et al. [19] proposed a role for both Pyx and the AC neurons
in temperature entrainment. We were therefore surprised that
pyx mutant showed normal entrainment in the 25-29°C inter-
val and that we identified a third temperature range for this
channel (16-20°C). Temperature preference behaviour also
has a clock-controlled circadian component (temperature pre-
ference rhythm, or TPR), whereby the preferred temperature
gradually increases during the day, reaching almost 27°C in
the evening [27]. It will be interesting to see whether Pyx is
required for TPR.

Flies from which the antennae have been completely
removed are able to synchronize to TCs [12]. Although this
does not rule out a contribution of antennal thermo-sensors,
it suggests that sensory receptors in the body signal tempera-
ture information to the clock neurons in the brain, and/or
that thermo-receptors for clock resetting are expressed
within the brain. We did not find any effects of dtrpAl
mutants on temperature entrainment (data not shown),
suggesting the involvement of other TRP channels or
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Table 1. Rhythmicity and period length in DD at constant temperatures and after TC entrainment. Flies of the indicated genotypes were entrained to 12 L:
12 D or TC cydles, as indicated in the ‘entrainment condition’ column, followed by exposure to constant darkness and temperature, indicated in the ‘free run” column.
Flies in the last group (TC 16—20°C and free-run at 20°C) were entrained to one TC only and monitored in free run for approximately two weeks (see the electronic
supplementary material, figure S3, right panels). Period length, s.e.m. and ryhthmicity statistics (RS) were calculated as described in Materials and methods.
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receptors responsible for synchronization to temperatures
cycles above 20°C. Fly Rhodopsins contribute to temperature
preference behaviour in larvae, and it will be interesting to see
whether they are involved in temperature entrainment [28].

(b) Indirect activation of Pyx

Based on our mutant analysis, both Pyx isoforms are required
for temperature entrainment in agreement with the idea
that Pyx-PA and Pyx-PB subunits form functional heterodimers
for mediating tolerance to high temperatures [17]. By contrast,
the ankyrin-repeat containing Pyx-PA subunit is sufficient for
mediating normal negative geotaxis behaviour [22], suggesting
different mechanisms for thermal and mechanical Pyx acti-
vation. The high direct activation temperature of Pyx (greater
than 38°C) suggests that indirect activation accounts for Pyx
function in temperature entrainment. Direct (greater than
25°C) and indirect (19-24°C) modes of activation have also
been shown for dTRPA1, whereby the latter involves phospho-
lipase C-B (PLC-B) signalling [18,20,26]. Interestingly, PLC-3
signalling has also been implicated in temperature entrain-
ment of peripheral and central clocks [10,11,29]. It is therefore

TC 16—-20°C 20°C n

likely that the actual temperature receptor(s) mediating clock
synchronization remain to be identified.

(c) Pyx influence on clock speed

We were surprised to see significant reductions of period
lengths in pyx mutant genotypes after temperature entrainment
compared with LD entrainment (figure 4b and table 1). Effects
of entrainment conditions on the subsequent free-running
period are known as “aftereffects’, but to our knowledge, they
have not been described to occur after 12L:12D TCs. For
example, aftereffects occur when using long photoperiods
(e.g. 18 L: 6 D) for entrainment, resulting in short free-running
periods [30]. Also, phase-delay paradigms of LD cycles similar
to the ones applied here with TCs cause an increase in free-
running period length [30], but we observed period shortenings.
Moreover, wild-type flies do not show a significant change of
free-running period after temperature entrainment (figure 4b
and table 1; electronic supplementary material S3). Our results
indicate the possibility that Pyx may help buffering the clock
against TC-induced aftereffects. Even though we could not
rescue the period shortenings with our rescue construct, it
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Figure 5. Pyrexia expression in the cho cap cells. (a) Schematic of the general
anatomy of the fly’s leg with cho neurons indicated in yellow. (b) Detailed represen-
tation of the cho showing only one neuron and its associated cells, for simplification
purpose. (c) Confocal microscopy of femoral cho of pyx-Gal4 flies expressing m(D8 ::
GFP and Nuclear Red. Membrane of Cap cells are shown in green and their nuclei in
red. Phalloidin Red was used to stain the scolopales. Scale bar is 10 m.

seems rather unlikely that another mutation in the background
of our pyx stocks exhibits a temperature-dependent (but Pyx-
independent) phenotype, but we cannot exclude this possibility.
Because the pyxGe pyx’ flies did not fully restore the AC neuron
response [19], we favour the idea that suboptimal function of
our rescue construct (also indicated by the partial rescue of
the pyx temperature entrainment phenotypes) is not sufficient
for protecting the pyx mutants from the TC-induced aftereffects.

In summary, we demonstrate that the Pyx TRP channel
regulates temperature synchronization in Drosophila to lower
temperature intervals. Pyx activation for this function must
be indirect and requires the function of as yet unidentified
receptors. In agreement with previous studies, we find pyx
expression in the cap cells of cho, which therefore seem to be
part of at least one of the input routes to a subset of the circadian
clock neurons in the fly brain. Because pyx mutants synchronize
normally to higher temperature intervals, other receptors must
exist for mediating entrainment to higher temperatures.

4, Material and methods

(a) Fly stocks

Wild-type Canton S was used as control. The pyx?, pyx’, pyx™*,
pyx™? and pyxGe pyx’ rescue flies have previously been
described [17,19,22]. Only male flies were used in the current
study. pyx-Gal4 contains 1kb genomic DNA sequence
upstream of the pyx translation start fused to Gal4 coding
sequences, and was generated and described in [22]. The
UAS-dsRED, UAS-mCD8 reporter has been described in [12].

(b) Analysis of activity behaviour
Male flies were initially synchronized to three LD cycles at
constant temperatures as indicated in the figures. After the

last dark period of the final day in LD, lights were turned
on (LL) or left off (DD) for the rest of the experiment.
For the 16:20°C TC, temperature remained at 20°C (LD
entrainment temperature) for 18 h, before being dropped to
16°C (effectively inducing a 6 h delay compared with the
previous LD cycle). For the 20 : 25°C and 25:29°C TCs, temp-
erature remained at 20°C and 25°C (respective LD
entrainment temperature) for 6 h, before raising to 25°C or
29°C, also inducing a 6 h delay compared with the initial
LD cycle. The initial TC1 continued for 5 days and was
then shifted by delaying the temperature increase by 6h,
and flies were tested for resynchronization to this shifted
TC2 for another 5 days. For DD experiments, behaviour
was also monitored after the second TC in DD and constant
temperature (as indicated in the figures). For the experiment
in the electronic supplementary material, figure S3, flies of
the same genotype were either exposed to three 16:20°C
TCs as indicated, followed by release into constant 20°C
(shift group) or released to constant 20°C after TC1 (constant
temperature control group). Daily average histograms were
generated in ExcEL, and actograms were plotted using the
fly toolbox and MATLAB software [31]. For the daily average
histograms showing behaviour during TC only, the last 3
days of each TC were averaged in order to avoid inclusion
of transient behaviour. To quantify synchronization during
the 16:20°C TC, we calculated an EI [15]. For the LL exper-
iment (figure 1), the EI indicates the ratio of total activity
occurring during a 6 h window of TC1 and TC2 (ZT5.5 to
ZT11, activity peak of Canton S) over the activity during
the entire warm phase; for the DD experiment (figure 2),
the EI indicates the ratio of activity within the ZT(CT) 20.5
to ZT(CT)2 window during TC2 (figure 2¢) and the first 3
days of free run (figure 2f) over the entire 24 h (because
here the main activity peak spanned the transition from
warm to cold). Values closer to 1 show that most of the
activity occurred in the specified window suggesting entrain-
ment. To avoid interference of activity increases at the two
temperature transitions (startle response) with the EI calcu-
lation, we also applied a simple smoothing filter for the
four activity bins during the 2 h following each temperature
transition (activity was collected in 30 min bins): if bin activity
was more than 1.5 times that of the last bin before the transition,
it was replaced by the average activity values of the two bins
before the transition and the two bins following the bin to be
replaced. In this way, only data from genotypes and conditions
that did produce a startle response were filtered. Note that the
histograms shown in the figures contain unfiltered data and
that the filter was only applied to calculate EI. We first calcu-
lated an EI for each one of the last 3 days of a TC shift (or the
first 3 days of the free run). A total of six Els were obtained
for each genotype and condition (TC1 and TC2 in LL; TC2
and free run in DD), with which the average EI, standard
error of the mean (s.e.m.) and statistics were calculated. We
tested and confirmed for the normality of the distribution
and performed one-way analysis of variance (ANOVA) fol-
lowed by Fisher’s least significant difference (LSD) post hoc
test to analyse differences between groups. Statistical analysis
was performed in GRAPHPAD Prism 6. Free-running periods
for temperature compensation experiments and for DD TC
experiments (table 1) were calculated using the autocorrelation
function. In this study, all flies with a rhythmicity statistics (RS)
value of more than 1.5 were considered as rhythmic (see [31]
for how this cut-off was determined).
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(c) Visualization of pyx expression in the femur

chordotonal organ
Transgenic flies expressing mCD8:: GFP and nuclear RFP
under the control of pyx-Gal4 were fixed in 4% paraformalde-
hyde for 2h, then washed three times for 10 min in 1%
Triton X-100 (PBS-T) at room temperature. Dissection of the
legs was performed in the same washing solution, then legs
were cut at the proximal end of the femur. Samples were
then incubated with Phalloidin-TRITC (1 : 1000, Sigma) in 1%
PBS-T overnight at 4°C, then washed three times for 10 min
in 1% PBS-T at room temperature, mounted in Vectashield
medium (Vector laboratories, Burlingame, CA) and examined
under a Leica SP5 confocal microscope (Leica, Germany). In
control assessments, the parental line carrying UAS-

mCD8::GFP and UAS-nuclearRed was used to verify the [JEJ}i

absence of Gal4-independent signals (data not shown).

Note added in proof

While this manuscript was under review, the Montell group
published a paper implicating the TRPA1 channel in temp-
erature synchronization of the Drosophila circadian clock:
Lee Y, Montell C. (2012). J Neurosci 33(16):6716—6725.
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