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Circadian rhythms are based on endogenous clocks that allow
organisms to adjust their physiology and behavior by entrainment
to the solar day and, in turn, to select the optimal times for most
biological variables. Diverse model systems—including mice, flies,
fungi, plants, and bacteria—have provided important insights into
the mechanisms of circadian rhythmicity. However, the general
principles that govern the circadian clock of Caenorhabditis ele-
gans have remained largely elusive. Here we report robust
molecular circadian rhythms in C. elegans recorded with a bio-
luminescence assay in vivo and demonstrate the main features
of the circadian system of the nematode. By constructing a lucif-
erase-based reporter coupled to the promoter of the suppressor
of activated let-60 Ras (sur-5) gene, we show in both population
and single-nematode assays that C. elegans expresses ∼24-h rhythms
that can be entrained by light/dark and temperature cycles. We pro-
vide evidence that these rhythms are temperature-compensated and
can be re-entrained after phase changes of the synchronizing agents.
In addition, we demonstrate that light and temperature sensing re-
quires the photoreceptors LITE and GUR-3, and the cyclic nucleotide-
gated channel subunit TAX-2. Our results shed light on C. elegans
circadian biology and demonstrate evolutionarily conserved features
in the circadian system of the nematode.
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Circadian rhythms are ubiquitously found in nature, and the
underlying molecular architecture of circadian clocks ap-

pears to be relatively conserved (1, 2). This mechanism is based
on a transcriptional-translational feedback loop (TTFL) in which
transcription factors induce the expression of clock genes that
then act to regulate their own transcription negatively, creating
oscillating patterns of gene expression with a period close to 24 h
(3). Additionally, this molecular circuitry can receive input cues
from the environment and can convey temporal information to
regulate overt rhythmic processes through output pathways. The
most important synchronizers (zeitgebers) of biological rhythms
are light and temperature (4). In addition to the TTFL, multiple
levels of posttranscriptional controls are needed to fine-tune the
molecular clock by adjusting the period of the oscillations,
maintaining a robust amplitude and buffering the clock mecha-
nisms against abrupt environmental changes (5).
Caenorhabditis elegans is a free-living soil nematode widely

used as a model organism in neuroscience, genetics, and de-
velopmental biology, whose natural history is beginning to be
uncovered (6). In its niche of soil and rotting vegetable matter,
C. elegans encounters a complex biological environment sub-
jected to daily temperature fluctuations as a consequence of
solar energy (7) but also might be directly exposed to light on the
soil surface or when it displays nictation behavior (6). Indeed,
temperature and humidity vary with time of day, distance from
the surface, and across the seasons. Soil temperature varies daily

as a propagating sine wave whose amplitude decays exponen-
tially with depth, with a maximum of 10 °C at the surface but less
than 2 °C at a depth of 15–20 cm (7, 8), where C. elegans has
been isolated (9). As the depth increases, the maximum of the
sine wave is delayed from noon to the late afternoon, resulting in
a greater phase delay between the light and temperature cues.
This particular combination of environmental factors might be of
relevance for C. elegans timekeeping (7).
C. elegans is a powerful and attractive model with which to

study chronobiology because it is an organism with a completely
sequenced genome, a compact nervous system, and a fully known
connectome and is especially amenable to genetic modifications.
However, the study of circadian rhythms in this model is far from
complete, and the mechanism underlying the molecular basis of
the central pacemaker remains elusive. Numerous circadian cy-
cles have been described in the nematode at different levels,
including behavior (locomotor activity) (10–12), physiology
(defecation rate, pharyngeal pumping rate, and olfaction) (13,
14), metabolism (abiotic and biotic stress tolerance, food and
oxygen consumption) (15, 16), protein activity and regulation
(14, 17, 18), and gene expression (19). Recent exhaustive bio-
informatics searches have identified proteins of relatively high
homology to clock components from other species (20). How-
ever, these homolog genes play a key role in the developmental
program of C. elegans (21–23), and their function in the circadian
clock of the nematode is not clear.
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Most attempts to identify the C. elegans clock have consisted
mainly of a description of circadian outputs, applying classical in
vitro methods or behavioral recordings, which have limitations for
long-term studies in terms of sensitivity and accuracy (24, 25). Here
we report the application of a luciferase-based reporter to inves-
tigate the circadian regulation of the suppressor of activated let-60
Ras (sur-5) gene in C. elegans, a strategy that has been very suc-
cessful in other systems (26). We found that the sur-5 promoter
drives the rhythmic expression of the luciferase reporter under a
paradigm of light and temperature cues resembling the nematode’s
natural conditions and that these rhythms showed the fundamental
properties fulfilled by all biological clocks described so far.
The assay is noninvasive, highly sensitive, and has real-time

resolution, which, combined with a fully annotated genome and
numerous existing mutants, offers an exceptional opportunity for
the molecular study of the circadian biology of C. elegans.

Results
In Vivo Bioluminescence Monitoring of sur-5 Circadian Expression in
Nematode Populations. The ubiquitous sur-5 promoter is widely
used in C. elegans because it exhibits strong and constitutive
expression throughout all developmental stages (27). Motivated
in part by these features and because of the previously reported
successful expression of the Photinus pyralis luciferase (luc) under
this promoter in the nematode (28, 29), we chose it to test the
reporter system in long-term recordings. We generated transgenic
strains carrying the firefly luciferase cDNA fused by a short linker
to the ORF of the green fluorescent protein (gfp) (28, 29) under
the control of 1,052 bp of the sur-5 gene promoter (Fig. 1A). The
fusion with gfp increases luciferase expression and generates high
luminescence, whereas the light emitted by the unfused protein
encoded by the sur-5::luc construct cannot be detected. Because

the luc sequence was cloned in frame with the gfp S65C variant,
which has three synthetic introns, we believe that these introns
may act in cis to generate alternative splicing of the premature
luc::gfp RNA, thus improving the luciferase expression and in-
creasing luminescence emission (Fig. S1). This strategy allows
bioluminescence monitoring of a small number of living adult
nematodes in liquid medium for several days. Furthermore, the
GFP fluorescence also enables studies of the pattern of spatio-
temporal expression of the gene of interest and the selection of
transgenic animals with the highest level of transgene expression.
We used cycling conditions that resemble those found in the

nematodes’ natural niche, i.e., an entrainment schedule that
combines light and temperature cues: Light onset coincides with
the start of the cold phase, and the temperature variations are
small and therefore mimic the conditions found at C. elegans’
usual soil depth. We grew age-synchronized animals of trans-
genic lines carrying sur-5::luc::gfp under an environmental
12-h/12-h cycle of light/dark (LD) and cold/warm (CW) temper-
ature (Δ = 1.5 ± 0.125 °C) (Fig. 1B) and assayed bioluminescence
using a microplate luminometer inside an incubator.
We found that luminescence of nematode populations expressing

sur-5::luc::gfp showed a clear circadian oscillation that entrained to
the LD/CW cycle (15.5/17 °C). Luminescence increased before the
onset of darkness and warm temperature, indicating anticipation of
the zeitgeber transition, a signature feature of circadian synchroni-
zation (Fig. 1C). There was a clear phase correlation when the
nematodes were left in constant darkness (DD) and warm tem-
perature (WW), indicating that entrainment, rather than masking
by environmental signals, occurred [the bioluminescence peaks oc-
curred at zeitgeber time (ZT)15.6 ± 0.3 h and circadian time (CT)
16.8 ± 0.7 h] (Fig. 1D). The average period of the oscillation under
constant conditions of darkness and 17 °C was 25 ± 0.4 h.

Fig. 1. sur-5–driven luminescence is rhythmic under entrained and FR conditions. (A) Diagram of the reporter construct and fluorescent microscopy of an adult
transgenic nematode illustrating the strong and ubiquitous expression of GFP. (Scale bar, 50 μm.) (B) Schematic of the assay strategy and photo/thermo-periodic
conditions. Black/white bars indicate dark/light periods; blue/red bars indicate cold/warm periods; gray and orange bars indicate subjective night and subjective
warm temperature, respectively. Nematodes on NGM plates with a lawn of E. coliwere entrained under combined environmental 12-h/12-h cycles of LD (400/0 lx)/
CW (18.5/20 °C) (ZT0, lights on and the onset of the cold-temperature phase). On the sixth day, 100 L4 transgenic nematodes expressing GFP were selected
manually and transferred to the liquid luminescence medium. Luminescence was assayed under entrainment (LD/CW, 15.5/17 °C; multiwell setup) followed by FR
(DD/WW, 20 °C) conditions (black waveform) or under FR conditions (dish plate setup; blue waveform). The green arrow indicates the start of recording. Black or
blue line colors in C, E, and F indicate the type of assay performed. (C) Average reporter activity of entrained adult populations under LD/CW and FR conditions
(n = 28). (D) Rayleigh plot showing the acrophases of luminescence emission in LD/CW (n = 58, red dots) and FR (n = 28, green dots) conditions. The remaining 30
populations were arrhythmic or showed masking under FR conditions (Rayleigh test, P < 0.001, multisample test for equal median directions, LD/CW median
phase vs. FR, ns). (E) Average reporter activity of adult populations under FR conditions (DD/WW, 20 °C; n = 12). (F) Representative luminescence rhythm of one
selected population from E. The red line represents the best-fitting curve (Cosinor analysis; R2 = 0.61). (Inset) The LS periodogram (P < 0.05). Luminescence signals
are shown as mean ± SEM. Each population consisted of 100 adult nematodes and was considered an independent biological replicate.
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We also tested the ability of the nematodes to sustain endog-
enous rhythms in the absence of environmental stimuli, a funda-
mental property of circadian rhythms that reflects the internal
regulation of the clock. Populations consisting of 100 adult nem-
atodes in the luminescence medium were entrained under the
LD/CW cycle for 3 d, and their bioluminescence was recorded in
conditions of DD/WW (20 °C). We found robust circadian oscil-
lations with an average period of 23.9 ± 0.5 h and a peak phase at
CT18.8 ± 0.9 h (with CT12 derived from the previous ZT12
phase). The oscillations were sustained for at least 4 d at 20 °C,
indicating that individual nematodes within each population were
in synchrony with each other for several days (Fig. 1 E and F).

sur-5 Luminescence Rhythms Are Temperature-Compensated and Respond
to Phase Changes in the Environmental Cues. For the sur-5 luminescence
rhythms to be considered circadian, they must fulfill two additional
fundamental properties: (i) temperature compensation, which means
that the period under free-running (FR) conditions must be roughly
consistent across a range of different temperatures within the
organism’s physiological range, and (ii) phase resetting after changes
in environmental cues. As shown in Fig. 2 A and B, we found a strong
temperature compensation of the circadian period between 17 °C and
21 °C (25± 0.4 h and 24± 0.3 h, respectively) with a Q10, the factor by
which the rate of a reaction increases with the rise in the temperature,
of 1.1 (Fig. 2C). Also, there was a small difference in acrophase at
21 °C (ZT16.9 ± 0.5 h) and 17 °C (ZT15.6 ± 0.3 h) (Fig. 2B).
To determine if the rhythms could be reset by the zeitgebers, we

applied a classical phase-shift approach in which transgenic
nematode populations were first entrained to an LD/CW cycle for
4 d and then were subjected to a phase change caused by a 6-h
night extension (lights on and warm temperature onset were
shifted from 9:00 AM to 3:00 PM). C. elegans populations re-
entrained rapidly after the 6-h phase delay and gradually adjusted
to the new schedule. The response represented true re-entrainment
rather than masking, because the phase peak was maintained un-
der constant conditions for the populations that were still lumi-
nescent at the end of the experiment (peak during LD/CW 1:
ZT1 6.3 ± 0.3 h; peak during LD/CW 2: ZT2 3.8 ± 0.2 h; peak
during DD/WW: CT22.6 ± 0.6 h) (Fig. 2 D and E and Fig. S2).
Constant light (LL) can induce behavioral and physiological

arrhythmicity, for example by desynchronizing clock neurons in
the central master clock (SCN) in mammals (30). We sought to
determine if a similar response could be found in nematodes
entrained under a LD/CW cycle followed by LL and constant
cold temperature (CC) conditions (LL/CC). We found a signif-
icant decrease in rhythmicity, as revealed by the proportion of
bioluminescent populations compared with those in the LD/CW
followed by DD/WW conditions (18 vs. 49%, respectively) (Fig. S3).
To test the entrainment capabilities of C. elegans further, we

subjected nematode populations to short (22 h; T22) or long (26 h;
T26) LD/CW cycles. As shown in Fig. S4, in both cases we found two
well-defined groups of nematode populations, one which tended to
entrain to the cycle and the other one which free-ran with a circadian
period close to 24 h. Moreover, under T22 cycles nematodes exhibited
a phase delay, whereas under T26 cycles a phase advance was evident,
compared with regular (T24) cycles. These results suggest that 22- and
26-h cycles are close to the limits of entrainment for C. elegans.
Finally, we also entrained the nematodes to a classical skele-

ton photo- and thermoperiod of two pulses (2 h of light and cold
conditions) at the beginning and at the end of the circadian day
(ZT0–2 and ZT10–12). As shown in Fig. S5, about 50% of the
populations were clearly able to synchronize to the skeleton cy-
cles with an average period of 23.9 ± 0.3 h. Interestingly, most of
the populations also exhibited some masking in response to the
2-h light/cold pulses. After the nematode populations were re-
leased into constant conditions, clear and well-defined circadian
activity was found with a period of 25.1 ± 0.5 h [Lomb–Scargle
(LS) periodogram] in ∼40% of the populations.

Single-Nematode Bioluminescence Rhythms. Once we were able to
record and analyze robust luminescence rhythms at the population
level, we sought to record luminescence from individual nematodes.
It should be noted that single-nematode recordings are quite chal-
lenging to perform because of the small size of the nematodes and
their high motility rate and because the far lower luminescence
signal emitted by single nematodes compared with that of a pop-
ulation of 100 individuals greatly reduces the signal-to-noise ratio.
By adjusting the entrainment and data-acquisition protocols,

we recorded clear single-nematode luminescence under FR
conditions (Fig. 3A). These rhythms are detectable for at least
4 d at 20 °C, with an average period of 24.5 ± 0.2 h and a nocturnal
peak phase close to that found in the nematode populations (Fig.
3B). Because single-nematode signals decrease more rapidly,
nematodes were transferred immediately to FR conditions after
the medium-change step of the protocol (compare Figs. 1B and
3A). The lack of this entrainment step could explain, to some
extent, the loss of synchrony evidenced in some nematodes that
exhibited rhythms with diurnal peak phases (Fig. 3C).

Treatment with a Casein Kinase 1 e/δ Inhibitor Lengthens the Period
of the Luminescent Rhythms. Casein kinase 1 (CK1) plays an im-
portant role in the posttranslational modification of core clock

Fig. 2. Luminescence rhythms exhibit temperature compensation and respond
to a phase shift in the photic and thermal periodic conditions. (A) Average re-
porter activity of adult populations under LD/CW and FR conditions (21 °C, n =
21). (B) Rayleigh plot showing the acrophases of the luminescence signal in LD/
CW (red dots, n = 61) and FR (green dots, n = 21) conditions. The remaining 40
populations were arrhythmic or were masked under FR conditions (Rayleigh test,
P < 0.001, multisample test for equal median directions, LD/CWmedian phase vs.
FR, ns). (C) The circadian period did not change significantly when recorded at
17, 20, or 21 °C (one-way ANOVA with Tukey’s post hoc test, ns). (D) Average
population luminescence rhythms after a 6-h phase shift (n = 13). The arrow
indicates the time of the phase shift. When placed in FR conditions, acrophases
were similar to those after re-entrainment (LD/CW 1: ZT16.3 ± 0.3 h; LD/CW 2:
ZT23.8 ± 0.2 h; FR: CT22.6 ± 0.6 h). (E) Rayleigh plots of LD/CW 1 (green dots;
n = 43), LD/CW 2 (red dots; n = 43), and FR (blue dots; n = 13) (Rayleigh test,
P < 0.001; one-way ANOVAwith Tukey’s post hoc test, LD/CW 1median phase vs.
LD/CW 2, P < 0.0001; LD/CW 2median phase vs. FR, ns). Luminescence signals are
shown as mean ± SEM. Each population consisted of 100 adult nematodes and
was considered an independent biological replicate.
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proteins, modulating protein–protein interactions, nuclear entry
and export, and degradation (31). A dominant role for CK1-
mediated protein phosphorylation in circadian timing has been
described in mammals (32), Drosophila melanogaster (33),
Neurospora crassa (34), and Ostreococcus tauri (35), even when the
putative target proteins of CK1 in their TTFL systems are not
conserved. C. elegans has only one protein, encoded by the protein
kinase gene kin-20 (20), that is a homolog to the mammalian casein
kinases 1e/δ. To test whether PF-670462, a CK1e and δ inhibitor
and a common pharmacological modulator of the circadian period
in other species, could also influence the sur-5 luminescent rhythms,
we recorded the luminescence of single nematodes exposed to
different concentrations of the drug. Treatment with PF-670462
induced significant period lengthening under FR conditions in a

dose-dependent manner (control, 24.5 ± 0.2 h; 5 μM PF-670462,
27.5 ± 0.4 h; 10 μM PF-670462, 30.9 ± 0.5 h) (Fig. 3 D and E). A
similar effect on circadian period length was reported previously in
other systems (35, 36). It is important to note that no toxic effects
were found with these PF-670462 concentrations in a locomotor
activity toxicity test (Fig. S6). These results strongly suggest the
presence of a conserved posttranslational mechanism of clock
modulation in C. elegans.

Rhythmic Expression of sur-5 Underlies Luminescence Rhythms. After
demonstrating that sur-5–driven luminescence shows a clear oscil-
lation with defining features of circadian rhythmicity, we next sought
to explore whether these cycles could be explained by changes in
mRNA levels. We performed quantitative real-time PCR experi-
ments under light and temperature cycles (Fig. 4A) and observed a
significant rhythmic expression of the sur-5 gene with a peak close to
ZT15 that is sustained even in the absence of cyclic environmental
cues, indicating a circadian transcriptional regulation of the gene
(Fig. 4B). Accordingly, the luc::gfp reporter transcription also was
rhythmic and phase-advanced with respect to bioluminescence (Fig.
4C). Taken together, the direct correlation between the reporter
transcript levels and in vivo luminescence and the rhythmic ex-
pression pattern of the sur-5 mRNA (Fig. S7) strongly support the
notion that circadian transcriptional regulation of sur-5 expression
underlies the oscillations in luminescence.
Reporter activity cycles also could reflect a basic circadian

regulation of metabolic variables that also are considered a ro-
bust output of the clock in several models (37). The luciferase
encoded by the reporter catalyzes the oxidation of D-luciferin in
a reaction that uses ATP as substrate (38). We set out to test if
ATP levels also are under circadian regulation by determining
the endogenous ATP levels of samples of transgenic populations
without D-luciferin taken at different time points under the
LD/CW cycle. We found a clear and significant circadian rhythm in
the endogenous ATP levels, in antiphase to the bioluminescence
rhythm (Fig. 4D and Fig. S7). To confirm that the luciferase gene
activity does not directly reflect the endogenous ATP level (29),
we repeated the same luminescence recordings of transgenic
worm populations in vivo but with an excess of exogenous ATP
(1 mM) added to the liquid culture medium. No differences were
found in the rhythmic pattern of sur-5 expression, although the
circadian rhythms under FR conditions appeared to have higher
amplitude with excess ATP than with normal ATP levels (Fig. 4E
and Fig. S8). The clear daily variation in endogenous ATP levels
indicates a circadian regulation of the metabolism.

Light and Temperature Entrainment of Bioluminescent Rhythms Requires
the Photoreceptors LITE and GUR-3, and the Cyclic Nucleotide-Gated
Channel Subunit TAX-2. One unanswered question is how the nema-
todes sense zeitgebers to regulate gene expression. The nematode
lacks eyes, has a unique and noncanonical photoreception system
different from all studied model organisms (39), and shows a high
sensitivity to temperature (40). We explored the underlying mech-
anisms that control synchronization of the circadian clock by ana-
lyzing how light and temperature cues influence oscillation patterns.
To study if the phase relationship between each zeitgeber is im-

portant for synchronizing the nematodes, we maintained the light
schedule and inverted the temperature cycle. In this inverted LD/WC
paradigm, ZT0 indicates lights on and the onset of the warm phase
(Fig. 5A). Remarkably, when transgenic nematode populations were
subjected to these new conditions, only 39% were synchronized, and
most (85%) showed masking evidenced by an arrhythmic pattern of
the luminescence recordings under constant conditions (Fig. 5 B and
E). Luminescence rhythms showed two well-defined groups with
different peak phases, one close to the late dark phase of the cycle and
the cold temperature condition (ZT19.9 ± 0.6 h; Rayleigh test; P <
0.001; black line in Fig. 5B) and the other related to the transition
from the dark/cold to the light/warm condition (ZT2.30 ± 0.4 h;

Fig. 3. Single-nematode luminescence assays reveal robust FR rhythms that
can be modulated pharmacologically by the application of a CK1e/δ inhibitor.
(A) Schematic of the assay strategy and photo/thermo-periodic conditions.
Black/white bars indicate dark/light periods; blue/red bars indicate cold/warm
periods; gray and orange bars indicate subjective night and subjective warm
temperature, respectively. Nematodes on NGM plates with a lawn of E. coli
were entrained under combined 12-h/12-h LD (400/0 lx)/CW (18.5/20 °C; ZT0,
lights on and onset of the cold-temperature phase) environmental cycles. On
the sixth day, individual L4 transgenic nematodes expressing GFP were se-
lected manually and were transferred to the liquid luminescence medium. The
signal was monitored under FR conditions (DD, 20 °C) for several days.
(B) Average rhythms of reporter activity in single-nematode assays (n = 12).
(C) Plot of representative single-nematode reporter activity with a diurnal phase.
The red line represents the best-fitting curve (cosinor analysis, R2 = 0.72, LS
period 24.4 h acrophase CT1.76 h). (D and E) Treatment with PF-670462
lengthens the circadian luminescence period in vivo in a concentration-de-
pendent manner. (D) Average luciferase activity rhythms of single-nematode
assays under FR conditions with treatment with vehicle (water; blue line;
n = 12), 5 μM of PF-670462 (green line; n = 8), or 10 μM of PF-670462 (red line;
n = 10). (E) Average periods of reporter activity under control (blue dots; 24.5 ±
0.2 h; n = 12) or treatment (green dots; 27.5 ± 0.4 h, n = 8; red dots, 30.9 ± 0.5 h,
n = 10) conditions. PF-670462 significantly lengthens the circadian period
(***P < 0.001 vs. vehicle, one-way ANOVA with Dunnett’s post hoc test).
Luminescence signals are shown as mean ± SEM.
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Rayleigh test; P < 0.001; blue line in Fig. 5B). These results suggest
that only a precise combination of both environmental cues is capable
of better entraining the nematodes (Fig. 5E).
To understand the influence of the temperature component in

circadian entrainment further, we tested the nematode pop-
ulations under a 12-h/12-h CW temperature cycle (Δ = 1.5 ±
0.125 °C; ZT0 corresponds to the start of the 15.5 °C cold phase)
and DD conditions (Fig. 5A). Although this thermal variation
was sufficient to entrain some populations in the absence of light
cues, the peak phase of bioluminescence was slightly different
from that seen with the dual zeitgeber entrainment (DD/CW:
ZT13.2 ± 0.7 h; LD/CW: ZT15.6 ± 0.3 h) (Fig. 5C). Further-
more, temperature alone tended to mask rather than entrain
circadian rhythms: Most populations lost their circadian phase or
even rhythmicity when placed under constant conditions (Fig. 5

D and E). Taken together, these results suggest that light and
temperature are jointly required to obtain entrained and robust
circadian rhythms.
To understand further how the clock senses environmental

cues, we analyzed the expression of the bioluminescent reporter in
different mutants deficient in thermo- and/or photo-reception.
Nematodes have an extremely sensitive thermosensory system
capable of discriminating temperature changes as small as 0.05 °C
by means of the AFD and AWC sensory neurons, through the
activation of guanylate cyclases and the TAX-2/TAX-4 cyclic
nucleotide-gated channel (40–42). Regarding light sensing, at least
two noncanonical photoreceptors of the GPCR gustatory receptor
family, LITE-1 and GUR-3, were reported to sense short-length
UV light directly or indirectly through a phototransduction
pathway in which TAX-2 and TAX-4 also participate (39, 43, 44).
Although photoreceptors are expressed in many neurons in the
nervous system of the nematode, the ASJ, AWB, ASK, and ASH
neurons have been reported to play a major role as photoreceptor
cells for phototaxis in a redundant manner (45).
Although ∼78% of the wild-type luminescent populations were

synchronized to the LD/CW cycle, the number decreased to 48% in
the lite-1(xu7) photoreceptor mutant populations (Fig. 5 F and H
and Fig. S9). Although LITE-1 plays a major role in the response to
blue-violet light, the residual photic response could be explained by
the relatively subtle phenotype of all LITE-1 mutants and the intact
function of the remaining photoreceptor GUR-3 (39). In fact, al-
though the double-mutant strain lite-1(ce314); gur-3(ok2245)
showed a similar trend (around 46% synchronized populations
under the same conditions), they were less able than either the wild-
type population or the lite-1 single mutants to entrain to the zeit-
gebers (23 versus 48% and 35%, respectively; Fig. 5 G and H and
Fig. S9). These results are consistent with the notion of a co-
operative response between different photoreceptors.
Synchronization to the LD/CW cycle decreased to 22% in the

tax-2(p671) CNG channel mutant populations; moreover, lucif-
erase expression did not maintain an entrained phase upon
transfer to constant conditions (Fig. 5 I and K and Fig. S9),
suggesting that the TAX-2/TAX-4 CNG channel has a major
role in circadian entrainment. The apparent loss the average
population rhythm under constant conditions results from a
phase difference among individual populations. In this sense, the
proportion of individual nematode populations that were
rhythmic in constant conditions was similar among the mutants
and the wild-type strain (Fig. S9). It is important to point out that
the defective entrainment phenotype shown by tax-2(p671) mu-
tants was completely recovered by a wild-type copy of the tax-2
gene (Fig. 5 J and K and Fig. S9). Consistent with these results,
the severe loss of rhythmicity under entrainment conditions in
tax-2(p671) mutants further supports the notion of dual tem-
perature and light entrainment of the clock, because the TAX-2/
TAX-4 CNG channel is a common component of both the photic
and thermal transduction cascades.

Discussion
Much of the current understanding of the C. elegans circadian clock
has been limited to the description of output behaviors, based on
variable and nonrobust readouts that are not applicable for high-
throughput screening studies. In this work, we applied a noninvasive
and highly sensitive luciferase-based approach that revealed robust
in vivo transcriptional luminescence rhythms at the population and
single-nematode levels and demonstrated the fundamental prop-
erties of circadian rhythmicity in this powerful genetic model.
Population bioluminescence experiments were particularly

useful for analyzing circadian properties and the effects of mu-
tations in components of the entrainment pathway, properties that
require several days of recording to allow accurate data analysis.
Future forward genetic or RNAi screenings will be instrumental in
uncovering the molecular components of the central clock of

Fig. 4. Rhythms in reporter luminescence reflect transcriptional activity of the
sur-5 gene. (A) Schematic of the assay strategy and photo/thermo-periodic
conditions. Black/white bars indicate dark/light periods; blue/red bars indicate
cold/warm periods; gray and orange bars indicate subjective night and sub-
jective warm temperature, respectively. Nematodes on NGM plates with a
lawn of E. coliwere grown under combined environmental 12-h/12-h LD (400/0
lx)/CW (18.5/20 °C; ZT0, lights on and the onset of the cold-temperature
phase) cycles. On the sixth day, L4 transgenic nematodes expressing GFP were
transferred to flasks with liquid luminescence medium, entrained under the
LD/CW (15.5/17 °C) condition for three more days, and released into FR con-
ditions (DD, 17 °C). Samples were collected every 4 h starting at ZT3 during the
last 3 d for population real-time PCR and ATP analysis. (B and C) mRNA oscil-
lations of sur-5 (B) and the luc::gfp reporter (C) in the LD/CW condition (n = 4;
***P < 0.001 vs. peak; one-way ANOVA with Dunnett’s post hoc test) and in the
FR condition (DD, 17 °C) (n = 4; ***P < 0.001, **P < 0.01 vs. peak, one-way
ANOVA with Dunnett’s post hoc test) (D) Endogenous normalized ATP levels
measured in vitro in the LD/CW condition (n = 4; **P < 0.01 ZT15 vs. ZT23, one-
way ANOVAwith Dunnett’s post hoc test) and the FR condition (DD,17 °C (n = 4;
**P < 0.01 ZT39 vs. ZT47, one-way ANOVA with Dunnett’s post hoc test). The
blue line represents the in vivo average luminescence of worm populations (100
nematodes in each population) obtained under the same conditions (n = 26). (E)
Bioluminescent reporter activity of worm populations with the exogenous ad-
dition of 1 mMATP (n = 8, mean ± SEM). Real-time PCR (B and C) and ATP levels
(D) plots show the mean ± SEM of four independent biological replicates.
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C. elegans. Additionally, population assays will allow the study of the
factors involved in social synchronization and the effect of in-
terindividual interactions on circadian rhythms. Population record-
ings could be followed for at least up to 4 d in constant conditions,
suggesting that individual nematodes were still synchronized with
each other. Without such synchronization, bioluminescence rhythms
would dampen quickly or would not be discernable at all because of
an averaging effect of each individual of the population.
On the other hand, single-nematode assays proved useful for

revealing robust circadian rhythms in short-term studies and,
more importantly, allowed us to avoid the averaging effect that
results in the loss of information caused by individual desyn-
chrony within a population. However, single-nematode assays
showed more variability and required a larger number of repli-
cates. Among the advantages of single-nematode recordings are
the ability to measure responses to environmental stimuli and
pharmacological treatments more precisely and to study the ef-
fect on the clock of single neuronal impairment through laser or
genetic ablation, a promising approach to elucidate which neu-

rons are involved in light- and temperature-sensing networks and
the central pacemaker of the C. elegans’ clock.
Through integrative in vivo luminescence recordings and in

vitro analyses, our study demonstrates circadian regulation of
C. elegans’ metabolism and reveals a clock-controlled gene, sur-5,
that had not been associated with the nematode circadian system
by using classical methods. Consistent with this finding, by bioinfor-
matics analysis we have found three putative E-box elements in the
sur-5 promoter region: E1–E2 (−345), CAACTG(7N)CACGTT; the
canonical E-box (−526), CACGTG; and the noncanonical E-box
(−742), AACGTG). Interestingly, one of these elements, the E1−E2
tandem element, comprises a direct repeat of E-box–like elements
conserved in many organisms and has been determined to be the
minimal required sequence for the generation of cell-autonomous
transcriptional oscillation of clock and clock-controlled genes in in-
sects and mammals (46, 47). However, determining if these E-box
elements play a similar role in C. elegans or if the nematodes have a
distinct mechanism of transcriptional regulation, as do fungi and
plants, requires further in-depth studies.

Fig. 5. Photic and temperature entrainment pathways for luminescence rhythms. (A) Schematic of the assay strategy and photo/thermo-periodic conditions for
the experiments in B and C. Black/white bars indicate dark/light periods; blue/red bars indicate cold/warm periods; gray bars indicate subjective night, and
blue-red/orange bars indicate subjective cold/warm temperatures, respectively. (B and C) Nematodes on NGM plates with a lawn of E. coli were entrained under
combined 12-h/12-h environmental LD (400/0 lx)/CW (18.5/20 °C; ZT0, lights on and onset of the cold-temperature phase) cycles. On the sixth day, 100 L4 transgenic
nematodes expressing GFP were selected manually and were transferred to the liquid luminescence medium. Luminescence was assayed in a multiwell setup
either under a different paradigm of LD/WC (17/15.5 °C; ZT0, lights on and onset of the warm-temperature phase) and DD/CC conditions (B) or under a 12-h/12-h
DD/CW (15.5/17 °C) cycle (C). The green arrow indicates the start of recording. The percentage of synchronized populations is defined as the number of populations
with a period and phase set by the zeitgeber conditions over the total number of populations tested; the percentage of entrained populations is the relative
number of populations that retained their circadian phase when placed under constant conditions. (B) Bioluminescent reporter activity of nematode populations
masked under the LD/WC cycle showed two well-defined groups with different acrophases (ZT19.9 ± 0.6 h, black line, n = 39; and ZT2.30 ± 0.4, blue line, n = 17;
Rayleigh test, P < 0.001). (C) Bioluminescent reporter activity of nematode populations with entrained (black line, n = 10) and masked (blue line, n = 35) under the
CW cycle. (D) Linear Rayleigh plot of the acrophases under CW (n = 45; Rayleigh test, P < 0.01; mean phase ZT: 13.2 ± 0.7 h) and WW conditions (n = 24; Rayleigh
test, ns). The remaining 21 populations were arrhythmic under the FR condition. (E) Proportion of synchronized and entrained populations under different
environmental conditions (LD/CW, n = 101; LD/WC, n = 165; CW, n = 72; ***P < 0.001, **P < 0.01, two-tailed Fisher’s exact test). (F and G) Representative luciferase
rhythms of lite-1(xu7) mutants (F) and lite-1(ce314); gur-3(ok2245) mutants (G) (n = 30) under LD/CW and FR (DD/WW) cycles. (H) Percentage of entrained and
synchronized populations of wild-type N2 (n = 101), lite-1(xu7) (n = 89), and lite-1(ce314); gur-3(ok2245) mutants (n = 120) under the assayed conditions;
***P < 0.001; **P < 0.01, two-tailed Fisher’s exact test. (I and J) Representative rhythms of luciferase activity of tax-2(p671)mutants (I) and tax-2 (p671) full rescue
worms (J) (n = 30) under the classical LD/CW and FR (DD/WW) cycles. (K) Percentage of entrained and synchronized wild-type N2 (n = 101), tax-2(p671) (n = 121),
and tax-2(p671) full rescue (n = 121) populations under the assayed conditions. ***P < 0.001, **P < 0.01, two-tailed Fisher’s exact test. Luminescence signals are
shown as mean ± SEM. Each population consisted of 100 adult nematodes and was considered an independent biological replicate.
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The sur-5 promoter is a common driver used to express trans-
genes constitutively and ubiquitously throughout development, but
no previous studies have analyzed the expression pattern of sur-5
under a LD/CW circadian scheme in adult nematodes. Although
the biochemical functions of sur-5 are still unknown, this gene en-
codes a putative evolutionarily conserved protein that is homolo-
gous to the Homo sapiens Acetyl-CoA synthetase (BlastP, 88%
coverage, 40% identity, E = 2 × 10−162) (27), which is involved in
lipid metabolism by catalyzing the generation of acetyl-CoA, a
carbon source for the synthesis and elongation of fatty acids, in an
ATP- and acetate-dependent manner. Interestingly, it recently has
been reported that, although the mRNA levels do not oscillate, the
activity of the mammalian acetyl-CoA Synthetase 1 (AceCS1) is
under circadian modulation by acetylation through the action of the
deacetylase SIRT1 (48). The cyclic acetylation of AceCS1 generates
rhythmic acetyl-CoA levels and the consequent rhythmicity in the
fatty acid elongation both in vivo and in cultured cells. Consistent
with this report, we found a robust circadian rhythm in the en-
dogenous ATP level in the nematode that was in antiphase to the
mRNA levels of sur-5 transcript. It is noteworthy that the antiphase
pattern of the ATP circadian rhythm with respect to the bio-
luminescence output demonstrates that the reporter does not re-
flect the metabolic state in vivo in our assay conditions, as was
previously shown (29), but rather responds to sur-5–driven tran-
scription. In line with this finding, the exogenous addition of an
excess of 1 mM ATP did not alter the bioluminescence rhythmic
pattern, supporting the notion that the amount of enzyme is the
limiting factor in the luminescence reaction.
The circadian expression of sur-5 and the pharmacological sensi-

tivity of the luminescence rhythms to the CK1e/δ inhibitor support
the notion of an evolutionarily conserved mechanism of transcrip-
tional and posttranslational regulation of the circadian molecular
machinery in this nematode. Several proteins have been described as
putative homologs to the insect/mammalian core clock genes, notably
the aryl hydrocarbon receptor associated protein (AHA-1), the ab-
normal cell lineage 42 protein isoforms b/c (LIN-42b/c), or timeless
related protein (TIM-1), which show different degrees of homology
to CLOCK, PERIOD, and TIMELESS, respectively (20, 49).
However, these genes thus far have been reported to play develop-
mental roles in the nematode (21–23), and none has been demon-
strated to show circadian rhythmicity at the mRNA level (14, 19). To
construct a classical TTFL (5) with a negative feedback loop, at least
one of these genes should cycle. Although there is no evidence from
whole-nematode experiments showing that the PER homolog lin-42
is rhythmic at the mRNA level under LD or WC cycles (7, 15), it
remains possible that the gene cycles only in a subset of cells or that it
could be regulated posttranslationally, as are peroxiredoxins, a con-
served circadian marker in C. elegans and many other model or-
ganisms (7). Additionally, complex cytoplasmic regulations that occur
by alternating species-specific heterodimerization partners and that
modulate clock proteins function could be involved in the regulation
of LIN-42 activity. For example, as has been shown in mice and
Drosophila (50), the interaction of PER protein with a specific protein
partner determines its different subcellular localizations during the
day and its sensitivity to CK1e. Also, certain mutations in Drosophila
are able to affect patterns of cytoplasmic heterodimerization of
PER and TIM specifically, altering or blocking the rate of nuclear
transportation or even the rate of disassembly of the PER/TIM
dimer to change the period length (50).
It is worth noting that the expressions of the translational

reporter fusion constructs plin-42::gfp and pkin-20::gfp overlap
perfectly, suggesting that they may interact in vivo (51). In ad-
dition, our bioinformatics analysis showed that KIN-20 has a high
degree of homology with its counterpart in arthropods and mam-
mals, with a complete conservation of all regulatory and functional
sites (20); thus KIN-20 is a likely target of the PF-670642 selective
casein kinase 1e and δ inhibitor. Conservation of the regulatory
sites between LIN-42 and PER and between CK1e/δ and KIN-20

suggests the possibility of interactions similar to those found in
other species. The precise role of LIN-42 and KIN-20 in the cir-
cadian molecular clock of C. elegans remains to be determined.
The circadian expression of core clock genes demonstrates

different phases among tissues and might suffer quick dampening
in the absence of environmental cues, i.e., upon transfer to constant
light or constant temperature. It remains possible that masking caused
by noncycling tissues or tissues with different phases could be re-
sponsible, at least in part, for the inability to find mRNA cycles of the
putative clock genes in whole-nematode experiments. Additionally,
samples containing large number of nematodes per time point might
lead to false negatives because of the effect of phase averaging or the
loss of valuable information between time points. Therefore our
luciferase-based approach, which allows the recording of single-
nematode molecular rhythms in real time and in intact animals, is
a more sensitive and reliable method for revealing transcriptional
rhythms. This fact is particularly relevant when working with
C. elegans, in which circadian outputs do not appear to be particularly
robust and there is a marked variability among nematodes (10–12, 52).
In addition to efforts to understand the nematode biological

clock, there has been a growing interest in studying how this blind
organism is able to sense light and temperature. Briefly, both
pathways are based on G protein-coupled transmembrane receptors
able to sense either light or temperature. These receptors activate a
G protein that turns on a series of pathway-specific guanylate cy-
clases, increasing cGMP concentration and activating the TAX-4/
TAX-2 cyclic nucleotide-gated channel (39, 41–44). Although the
mechanisms underlying light and temperature sensing are well de-
scribed, and most of the molecular components of the cascades
have been reported, very little is known about the role of these
pathways in the synchronization of the nematode clock.
Our findings provide evidence that both light and temperature, in

a particular combination, are synergistic zeitgebers needed to en-
train the robust luminescence rhythms observed for sur-5. In
C. elegans’ natural environment, and in particular beneath the soil,
the temperature increase is phase-delayed with respect to sunrise,
reaching its maximum in the late afternoon (8). In this context, the
hours with higher temperature are concentrated toward the end of
the day, when solar radiation is minimal but the soil has absorbed
most of it. Thus, we hypothesize that the combination of a cold
onset with the “start” of the day in the LD/CW cycle would re-
semble natural conditions more accurately than a warm onset at the
beginning of the day (LD/WC). Interestingly, D. melanogaster ex-
hibits a strong preference for a temperature rhythm in which the
temperature is lower in the morning and higher at dusk: The pre-
ferred temperature increases gradually from morning (ZT1–3) to
peak in the evening (ZT10–12) (53). A similar synergistic effect was
described in flies, in which a combination of light and temperature
zeitgebers reinforced entrainment at the molecular and behavioral
level (54). In our current study, the phase relationship to the LD/
CW cycle showed a marked dependency on temperature, reflecting
some adaptive aspects of the rhythm related to the natural envi-
ronment of the nematode. A strong temperature dependency of the
acrophase was also observed previously in circadian stress tolerance
in C. elegans (52). However, with a Q10 of about 1.1, the circadian
period is well compensated over the temperature range in which the
bioluminescence could be recorded.
Additionally, our bioluminescent reporter revealed that LITE-1,

GUR-3, and TAX-2 proteins are components involved in the photic
and temperature synchronization pathways of the central oscillator.
Similar results regarding tax-2 involvement were described by van der
Linden et al. (19), who reported that a mutation in TAX-2 abolished
the circadian expression of different transcripts entrained under ei-
ther LD or WC conditions, indicating that TAX-2 is required for the
transduction of both zeitgebers. In addition, tax-2 also was recently
shown to be required for the transduction of thermal cues to the
C. elegans circadian clock in locomotor activity rhythms (12). However,
no evident role for lite-1 in light-entrained transcripts has been
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found previously (19), and to our knowledge there are no studies
linking gur-3 to the input pathways of the clock. Our results, which
do not show complete arrhythmicity in the mutant populations,
indicate that more components probably are involved in the en-
trainment pathway, and follow-up experiments will be required for
a complete understanding of the entrainment mechanism of the clock.
In summary, our study reveals key features of the circadian

clock of C. elegans and opens the door for the identification of
the central genes and neuronal circuits in this model through
genetic screens that might provide fundamental information
about its elusive molecular circadian clock and contribute to the
understanding of general principles of circadian biology.

Materials and Methods
Experimental Conditions. Nematode stocks were maintained on nematode
growthmedium (NGM) plates seeded as previously described (55) with HB101
Escherichia coli strain under 12-h/12-h LD/CW cycle (400/0 lx and CW (18.5/
20 °C, Δ = 1.5 ± 0.125 °C) environmental cycles. Light and temperature are
known to be the main zeitgebers, and in this schedule ZT0 (9:00 AM) indicates
the time of lights on and the onset of the cold-temperature phase. CT refers to
a particular time in the FR (i.e., DD/WW) cycle. Photo and thermal conditions
were controlled with an I-291PF incubator (INGELAB), and temperature was
monitored using DS1921H-F5 Thermochron iButtons (Maxim Integrated). Four
Philips Daylight TL-D 18W/54-765 1SL fluorescent tubes were used as a light
source [color temperature = 6200K and color-rendering index (CRI) = 72 Ra8].

Nematode Strains. C. elegans strains N2 (Bristol strain, wild-type), TQ1101
lite-1(xu7), MT21793 lite-1(ce314);gur-3(ok2245), and PR671 tax-2(p671)
were provided by the Caenorhabditis Genetics Center, University of Min-
nesota (cbs.umn.edu/cgc/home). Transgenic animals were generated by
standard microinjection techniques (56). The Psur-5::luc::gfp construct was
injected at 50 or 100 ng/μL with the pRF4 marker (100 ng/μL) in each genetic
background. For the PR671 tax-2(p671) full rescue, we injected 10 ng/μL of
Ptax-2::tax-2(genomic DNA)::yfp with 100 ng/μL of Psur-5::luc::gfp. All bio-
luminescent recordings were performed with strains carrying the extrachro-
mosomal arrays in the different backgrounds. A spontaneously integrated line
(100% transmission rate of both Psur-5::luc::gfp and pRF4) in the N2 (wild-type)
background was selected for real-time PCR and ATP measurements. Microscopy
was performedwith an AxioScope.A1 (Zeiss) equipped with a light source X-Cite
120Q System (EXFO, Canada) and an Axiocam 506 mono camera (Zeiss).

Molecular Constructs. The Psur-5::luc::gfp vector was constructed by ligation of a
1,659-bp PCR-amplified P. pyralis luciferase ORF from the pGL3-Basic Vector
(Promega), with the last STOP codon removed, between the BamHI and KpnI sites
of pPD158.87 (Addgene), in frame with gfp to generate a fusion protein. The
luciferase ORF was amplified using the primers forward, 5′-GCGGATCCATG-
GAAGACGCCAAAAAC-3′ and reverse, 5′-CGGGGTACCACGGCGATCTTTCCGCC-3′.
More details are provided in SI Materials and Methods.

Bioluminescence Recordings and Treatments. Transgenic Psur-5::luc::gfp
nematode populations were synchronized to the same developmental stage
by the chlorine method (57). The harvested eggs were cultured overnight in a
50-mL Erlenmeyer flask with 3.5 mL of M9 buffer, 1× antibiotic-antimycotic
(Thermo Fisher Scientific), and 10 μg/mL of tobramycin (Tobrabiotic; Denver
Farma) at 110 rpm with a Vicking M23 shaker, in LD/CW (400/0 lx; 18.5/20 °C,
Δ = 1.5 °C ± 0.125 °C) conditions. The following day, L1 larvae were trans-
ferred to NGM plates at ZT1 and were grown for 48 h to the L4 stage under
the same LD/CW cycle. Starting at ZT1 (1 h post lights on), the most fluo-
rescent nematodes were selected manually under a SMZ100 stereomicro-
scope equipped with an epi-fluorescence attachment (Nikon) with a cool
Multi-TK-LED light source (Tolket) to avoid warming the plate. The picking
was performed in a room kept at a constant temperature of 18 °C (with the
white lights in the stereomicroscope also on at low intensity to mimic the cold
temperature of the light phase of the entrainment in the incubator). Each
plate was exposed to the blue light for only 15 min to prevent a long-term
effect on entrainment or viability. The entrainment of the LD/CW cycle was
performed at 18.5/20 °C to accelerate the growth of the nematodes and to
get L4 larvae after 48 h so they could be selected during the day phase.
Luminescence was assayed either under FR conditions (DD/WW, 20 °C; dish
plate setup) or under entrainment followed by FR conditions (LD/CW, 15.5/
17 °C or other temperatures; multiwell setup). The luminescence medium
contained Leibovitz’s L-15 medium without phenol red (Thermo Fisher Scien-
tific) supplemented with 1× antibiotic–antimycotic (Thermo Fisher Scientific),

40 μM of 5-fluoro-2′-deoxyuridine (FUdR) to avoid new eclosions, 5 mg/mL cho-
lesterol, 10 μg/mL tobramycin (Tobrabiotic; Denver Farma), 1 mM D-luciferin (Gold
Biotechnology), and 0.05% Triton X-100 to increase cuticle permeabilization. All
chemical compounds were purchased from Sigma-Aldrich unless otherwise
specified. More details are provided in SI Materials and Methods.

Quantitative Real-Time PCR. Synchronized transgenic Psur-5::luc::gfp nematode
populations were grown under a 12-h/12-h LD/CW cycle (18.5/20 °C; ZT0 in-
dicates lights on and the onset of the cold-temperature phase) for 48 h and
were collected from the NGM plates at the L4 stage at ZT3, washed, and
transferred to four 1.5-L flasks with 170 mL of luminescence medium without
D-luciferin (5 nematodes/10 μL). The nematodes then were cultured under
LD/CW (15.5/17 °C) conditions with agitation at 100 rpm for three addi-
tional days. Then they were released in FR conditions (DD/WW; 17 °C) for
the two remaining days of the assay. Four independent biological repli-
cates (n = 4; 4,000 adult nematodes in each replicate) were collected every
4 h, starting at ZT3 in the LD/CW cycle during the last day of entrainment
and during the following 2 d of the FR condition. Nematodes were
centrifuged and flash frozen at −80 °C in TRIzol (Thermo Fisher Scientific).
Total RNA was extracted from the samples using the TRIzol method
according to the manufacturer’s instructions. Three micrograms of total
RNA and poly-T primers (20 nt long) (Thermo Fisher Scientific) were used
for cDNA synthesis using SuperScript II Reverse Transcriptase (Thermo
Fisher Scientific). Quantitative PCR analyses were performed with SYBR
Green PCR Master Mix (Applied Biosystems) using a StepOne Real-Time PCR
thermal cycler (Applied Biosystems) following the manufacturer’s instruc-
tions. More details are provided in SI Materials and Methods.

In Vitro ATP Measurements. Synchronized transgenic Psur-5::luc::gfp nema-
tode populations were grown and entrained under the same environmental
conditions used for the quantitative real-time PCR experiments. Four in-
dependent biological replicates of 3,500 adult nematodes each were col-
lected every 4 h, starting at ZT3 under the LD/CW condition during the last
day of entrainment and during the last 2 d of the FR condition. Nematodes
were centrifuged, washed twice, and flash frozen at −80 °C in the same
luminescence medium without D-luciferin. Nematodes were disrupted by
sonication using a VCX 130PB Vibra-Cell ultrasonic processor (Sonics) in two
cycles of 15 s at 40% power and then were centrifuged to pellet the debris.
This step releases the endogenous ATP and completely disrupts the lucifer-
ase reporter activity of the transgenic nematodes. The total amount of ATP
was quantified using 30 μL of nematode extract incubated with 6.2 μL of a
mix containing 9 μg/mL of purified commercial Luciferase from P. pyralis
(Sigma), 0.8 mg/mL CoA (Sigma), 1.6 mM D-luciferin, and 5% (wt/vol) BSA.
Luminescence kinetics was measured with a Berthold Centro LB 960 microplate
luminometer in a white, flat-bottomed, 96-well plate at 20 °C for a total of
3 min with 1 s of integration time, and the total amount of ATP was calculated
using a calibration curve with different ATP standards. The total amount of
ATP was normalized to the total amount of protein, as determined by the
Bradford method, and was normalized to the sample with the highest ATP/
protein level. All chemical compounds were purchased from Sigma-Aldrich
unless otherwise specified.

Data Analysis and Statistics. Raw luminescence data were analyzed using
custom scripts written inMATLAB. For raw data from the AB-2550 Kronos Dio
luminometer experiments, thewaiting time background was subtracted in all
cases, and the first and the last 12 h of raw data were discarded (except in the
single-nematode assays). The data thenwere trend-corrected by dividing by a
fixed moving-average window of 24 h and were smoothed for 12 h. After-
wards, the data were normalized to themaximum level of luminescence of all
of the biological replicates along the entire temporal series on each exper-
iment and were plotted in Origin 2016 Software (OriginLab). Data are pre-
sented as mean ± SEM. For the luminescence signals, the mean corresponds
to nematode populations or to single-nematode recordings, as appropriate
in each assay. If not stated otherwise, statistical significance was calculated
by one-way ANOVA and Dunnett’s multiple comparisons test, with P < 0.05
considered statistically significant. Statistical significance levels are denoted
as follows: ***P < 0.001; **P < 0.01; *P < 0.05. All statistical tests were two-
tailed where applicable. No statistical methods were used to predetermine
sample size. More details are provided in SI Materials and Methods.

Additional experimental details are provided in SI Materials and Methods.
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