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The neuropeptide pigment-dispersing factor (PDF) is
important for the generation and entrainment of circa-
dian rhythms in the fruitfly Drosophila melanogaster.
Recently two pdf homologs, pdf-1 and pdf-2, and a PDF
receptor, pdfr-1, have been found in Caenorhabditis ele-
gans and have been implicated in locomotor activity. In
this work, we have studied the role of the PDF neuropep-
tide in the circadian system of C. elegans and found that
both pdf-1 and pdf-2 mutants affect the normal locomo-
tor activity outputs. In particular, loss of pdf-71 induced
circadian arrhythmicity under both light-dark (LD) and
constant dark (DD) conditions. These defects can be res-
cued by a genomic copy of the pdf-1 locus. Our results
indicate that PDF-1 is involved in rhythm generation and
in the synchronization to LD cycles, as rhythmic pat-
terns of activity rapidly disappear when pdf-1 mutants
are recorded under both entrained and free-running con-
ditions. The role of PDF-2 and the PDF receptors is prob-
ably more complex and involves the interaction between
the two pdf paralogues found in the nematode.
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Circadian rhythms are ubiquitous in nature and their molec-
ular background appears to be relatively conserved through-
out the Animal Kingdom (Rosbash 2009; Yu & Hardin 2006).
Central and peripheral circadian clocks depend on the activity
of ‘clock genes’ underlying a transcription—translation molec-
ular feedback loop that generates endogenous rhythmicity
with a period close to 24 h, which, in turn, is entrained to the

solar day by environmental signals (Golombek & Rosenstein
2010).

The nematode Caenorhabditis elegans exhibits circadian
rhythms in locomotor activity, abiotic and biotic stress toler
ance, olfaction and metabolism, among other physiological
processes (Hasegawa et al. 2005; Kippert et al. 2002; Migliori
etal. 2011; Olmedo etal. 2012; Romanowski etal. 2011;
Saigusa et al. 2002; Simonetta & Golombek 2007; Simon-
etta et al. 2008, 2009). In addition, the C. elegans genome
contains homologs to clock genes present in well-known cir
cadian models such as Drosophila melanogaster, including
lin-42 (period), tim-1 (timeless), kin-20 (doubletime), sma-9
(clock), aha-1 (cycle) and atf-2 (vrille) (Banerjee et al. 2005;
Chan et al. 2003; Hasegawa et al. 2005; Jeon et al. 1999; Ten-
nessen et al. 2006, 2010). While these genes have shown
to be involved in developmental processes in the worm, the
molecular circadian clock of C. elegans still remains elusive.
A recent genome-wide analysis, although identifying a large
subset of light- and temperature-entrained oscillating tran-
scripts from the C. elegans genome (with just two genes
in common between the two sets), failed to find significant
rhythms in the expression of clock gene homologs (Van Der
Linden et al. 2010).

A promising candidate for the C. elegans circadian clock-
work is the pigment-dispersing factor (PDF) and its recep-
tor. In D. melanogaster, pdf is expressed in the relatively
small subset of lateral neurons that comprise the central cir
cadian clock (Chang 2006; Nitabach & Taghert 2008; Taghert
& Shafer 2006) and its expression is required in order to main-
tain adequate cycling of locomotor activity (Renn et al. 1999)
and oscillator cell coupling (Lin et al. 2004; Peng et al. 2003).
Two PDF-encoding genes have been identified in C. elegans
(pdf-1 and pdf-2) (Janssen et al. 2009), which resemble the
crustacean PDH system (Meelkop et al. 2012a) and whose
products interact with different splice forms of the specific
PDF receptor (Janssen et al. 2008). Besides playing a role in
male reproduction (Barrios et al. 2012), the nematode PDF
system is involved in the regulation of locomotion (Meelkop
et al. 2012b) and behavioral states of arousal (Flavell et al.
2013) and, therefore, we hypothesized that this peptide fam-
ily plays an important role in the genesis and entrainment of
locomotor activity circadian rhythms in C. elegans.

Materials and methods

General methods and strains

The following C. elegans strains were used: N2 (Bristol strain, wild
type), LSC27 pdf-1(tm1996), bearing a 588-bp deletion that affects the
first exon of both products PDF-1a and PDF-1b; LSC40 pdf-2(tm4393),
bearing a 401-bp deletion that affects the first exon of the gene;
LSC39 pdfr-1(Ist34), bearing an 855-bp deletion that affects the three
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splicing variants of the only PDF receptor encoding gene known
to date (pdfr-1); LSC10 pdf-1(tm1996),Istls 1[pdf-1(+),;Pelt-2::GFP]; the
double mutant LSC41 pdf-1(tm1996); pdf-2(tm4393);, LSC84=N2;
IstEx2[pdf-1 +] and LSC54= N2, IstEx3 [pdf-2 +]. The N2 strain was
provided by the Caenorhabditis Genetics Center, University of Min-
nesota, MN, USA. The mutant strains, rescue strains, overexpressing
strains and double mutants of PDF-related genes were generated in
Dr Liliane Schoofs' laboratory (Janssen et al. 2008, 2009; Meelkop
et al. 2012b).

Nematode stocks were maintained in Nematode Growth Medium
(NGM) plates (0.3% NaCl, 0.25% peptone, 5pg/ml cholesterol,
1 mmol/l CaCl,, 1mmol/l MgSO,, 1.7% agar in pH 6.0 25 mmol/|
potassium phosphate buffer) covered with thick bacterial lawns of
Escherichia coli HB101, in light:dark (LD) cycles 12:12h, with lights
on at 0900 h (defined as zeitgeber time 0 or ZT0O). Temperature con-
ditions were kept constant at 16°C.

All chemical compounds were bought from Sigma Chemical Co.
(St Louis, MO, USA) unless otherwise specified.

Locomotor activity assay and experimental

conditions

The locomotor activity of nematode populations was recorded as
previously described (Simonetta et al. 2009) with some minor mod-
ifications. In order to perform the locomotor activity assays, nema-
tode populations were synchronized to the same developmen-
tal stage by the chlorine method (Lewis & Fleming 1995). The
harvested eggs were cultured overnight in a 50-ml Erlenmeyer
flask with 3.5ml of M9 buffer (42 mm Na,HPO4, 22 mm KH,PO4,
85,6mm NaCl, Tmm MgSO4) +antibiotic-antimycotic 1x (Gibco,
Carlsbad, CA), at 110rpm, 18.5°C and under LD 12:12 h conditions.
The next day, L1 larvae were transferred to NGM plates with E.
coli OP50. When nematodes reached the L4 stage, they were
transferred to a 96-well plate (approximately five to seven nema-
todes per well) in 40 pl of L15 medium (Gibco) supplemented with
1.6x antibiotic—antimycotic (Gibco) + 40 um 5-fluoro-2’-deoxyuridine
(FUdR) + cholesterol 5mg/ml+2% v/v skim milk. Plates were cov-
ered with an optic film to avoid evaporation and in each well the
film was perforated twice to avoid condensation. Nematode popu-
lation recordings are preferred to single worm recordings because of
the higher amplitude of activity due to a higher number of infrared
beam crosses. Individual recordings, although rhythmic, exhibit a low
signal-to-noise ratio and are therefore not suitable for accurate circa-
dian analysis.

When nematodes had to be handled in dark conditions, a red light
with intensity lower than 1 lux was used. This type of light has no
effects over C. elegans synchronization (Simonetta et al. 2009).

For light synchronization experiments, nematodes were subjected
to LD cycles (400:0 lux 12:12 h) under constant temperature (17.5°C).
Stability of the incubator temperature was checked with an IButton
sensor model DS1921H-F5 (Maxim Integrated Products Inc., Sunny-
vale, CA, USA), programmed to take one sample every 5min. This
sensor provides a resolution of 0.125°C. There was no tempera-
ture variation in the recording chamber throughout the experiments
(within the resolution of the temperature sensor). The light source
employed throughout the experiments was a Compact Fluorescent
Lamp Philips Essential PLE15W230, and it is interesting to note that
the spectrum peaks in the green and blue zones, coincident with
what has been reported for C. elegans’ photic sensitivity (Burr 1985;
Edwards et al. 2008).

For experiments in constant conditions, nematodes were kept at a
constant temperature (17.5°C) under constant darkness (DD).

Locomotor activity data acquisition and analysis

Locomotor activity (swimming behavior) data were sampled at 1-min
intervals and binned in 30-min blocks. The raw data were detrended
and normalized by dividing each data point by the corresponding
point of a trend curve (fitted by a 72-h low-pass Butterworth filter),
as described (Levine etal. 2002b). The Butterworth filter, similar
to a low- and high-pass filtering with moving average, is widely
applied in noisy data (such as the analysis of fly courtship songs)
or for the analysis of locomotor activity of flies in order to remove

494

the high-frequency components and avoid possible artifacts in peak
detection (Levine et al. 2002b; Wright 1997). High frequencies were
removed by a 4h moving average window. Animals with very low
activity levels (<20% of average population activity) were discarded.

For synchronization experiments, the filtered data were analyzed by
Cosinor analysis (best fit to a 24-h cosine waveform). Nematodes pre-
senting a statistically significant rhythm were used for this analysis;
actograms were constructed (with the scale adjusted according to the
lower threshold) for better visualization of rhythms. The acrophases
(time at peak) for each group of five to seven worms were scored and
grouped for histogram plotting and then further analyzed by circular
statistics (Rayleigh test) (Levine et al. 2002a).

In order to determine the percentage of truly entrained nematodes,
the acrophase of the population in the last 3 days of entrained condi-
tions was compared to that of the first day of free-running conditions
and phase transition (PTC) plots were constructed (Pittendrigh 1981).

The circadian period in each phase of the assay (entrained and
free-running conditions) was determined by arithmetic-averaging of
the period of each population of five to seven nematodes, obtained
by Lomb—Scargle periodogram analysis.

Nematode populations are visually inspected after each locomotor
activity assay. Wells that suffered contamination or that did not have
live populations were discarded from further analysis. In addition,
we performed lifespan assays for the different wild-type and mutant
populations under study, by using the same equipment. All of the
strains exhibited a similar, and relatively low, decrease in activity as
nematodes age (data not shown).

All values are expressed as the mean value + SE, unless otherwise
noted.

Results

Circadian rhythms of locomotor activity require
functional pdf-1 expression

To understand the role of the PDF neuropeptide in the gener
ation and light synchronization of locomotor activity rhythms
of C. elegans, the entraining capability of several mutant
strains in genes related to PDF was studied. Because of the
great variability previously observed in the activity pattern
of individual nematodes, population studies were performed
(Simonetta & Golombek 2007; Simonetta et al. 2009). The
locomotor activity of adult nematodes was assayed for 7 days
under light:dark (LD) 12:12 h conditions and then for a further
7 days under constant darkness (DD).

As previously reported, more than one third of the N2 strain
nematode populations recorded exhibited robust circadian
rhythms under an LD cycle, which were maintained under
constant conditions for at least 1 week, with an average
circadian period of 23.9+0.18h (Fig. 1a). However, the padf-1
mutant did not show diurnal or circadian rhythms under LD or
DD conditions, respectively (Fig. 1b). As shown in Fig. 1c, the
pdf-1 rescue strain recovered normal circadian rhythms with
parameters that were similar to the N2 strain (with a circadian
period of 24.08+0.15h). Although with a higher level of
variability, pdf-2 mutants tended to entrain to the LD cycle
but exhibited weaker rhythms under DD (with a 23.9+0.29h
period, Fig. 1d). Even though the LD rhythmicity pattern
in this strain is not self-evident in the actograms depicted
in Fig. 1d, the raw data analysis shows a clear rhythmic
pattern close to 24 h under entraining conditions that is
lost upon transfer to constant conditions, as determined by
Lomb-Scargle periodogram analysis. Interestingly, the double
pdf-1,pdf-2 mutant showed normal rhythms, as shown in
the corresponding actograms in Fig. 1e (with a circadian
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period of 24.1 +0.34 h). Mutants defective in pdfr-1 tended
to entrain to LD cycles (see Fig. 3) but also presented
very weak, although significant, rhythms under constant
conditions (circadian period of 23.1+0.44h, Fig. 11). In the
case of this strain, even though the general activity remains
high, there is a subtle amplitude modulation of the activity
with a period close to 24 h, as determined by Lomb-Scargle
periodogram analysis.

We also tested strains overexpressing each of the two
C. elegans pdf paralogues. The pdf-1 overexpressing strain
exhibited normal rhythms, as shown in Fig. 1g (circadian
period of 23.83 +0.15). A similar result was obtained for the
pdf-2 overexpressing strain (circadian period of 23.5+0.27 h,
Fig. 1h).

In all cases where significant rhythms were found under an
LD cycle, onset phase tends to be maintained upon transfer
to constant conditions, suggesting that true entrainment,
rather than masking, was achieved.

The right panel in Fig. 1 shows the distribution of circadian
periods along the strains (only for rhythmic populations),
which was adjusted to Gaussian curves in the cases where
significant circadian rhythms were found. Again, there is a
clear dispersion of activity for the pdf-7 mutants as compared
with the rest of the strains.

Figure 2 shows the percentage of samples that exhibited
significant diurnal (i.e. under LD conditions) or circadian (DD)
rhythms in locomotor activity. Again, the most striking result
is the lack of rhythmicity in the pdf-1 strain, completely res-
cued by the microinjection of a genomic fragment containing
the regulatory and coding regions of the pdf-7 locus, and the
failure of pdf-2 mutants to sustain circadian cycles in constant
conditions. It is interesting to note that both of the pdf-7 or
pdf-2 overexpression strains are very similar to either N2 or
the pdf-1rescue strain. The percentages of rhythmic and syn-
chronized animals are statistically similar to those of the N2
strain.

The phase of the circadian rhythm was calculated as the
onset for locomotor activity. As seen in Fig. 3, in the case
of the N2 (Fig. 3a), pdf-1 rescue (Fig. 3c), the double mutant
(Fig. 3e), pdfr-1 (Fig. 3f), pdf-1+ (Fig. 3g) and pdf-2+ (Fig 3h),
a clear nocturnal phase can be found. The phase clustering
is not clear in the pdf-2 mutant strain (Fig. 3d), while the
relatively low proportion of animals from the pdf-7 strain that
did exhibit diurnal rhythms did not show a tendency toward a
coherent locomotor activity onset (Fig. 3b). It should be noted
that the pdf-1 rescue strain did recover circadian rhythmicity
(as shown before) but the nematodes now exhibit a ~4h
phase delay with respect to the N2 controls and the phase
appears to be more homogeneous among the population. Itis
interesting to note that even though the pdfr-1 strain exhibits
a shorter period, the preservation of rhythms in the receptor
mutant is consistent with the preservation of rhythms in the
pdf-1,pdf-2 ligands double mutant.

Discussion

PDF is involved in conveying rhythmic information in D.
melanogaster (Hardin 2005; Peschel & Helfrich-Forster 2011;
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Renn etal. 1999), and the presence of two homologues
in C. elegans led us to question whether this peptide is
also involved in rhythm generation in this organism. In order
to do so, we chose to study locomotor activity rhythms,
which allow a continuous readout of activity (Simonetta &
Golombek 2007). As the locomotor activity rhythms of C. ele-
gans show a high interindividual variability, probably because
this parameter does not constitute a very robust output of
the biological clock of this organism, nematode populations
conformed of five to seven individual nematodes were used.

The results obtained with the N2 strain are in accordance
with what was previously published (Simonetta et al. 2009),
with clear circadian rhythms both under entrained (LD) and
free-running (DD) conditions. The acrophase histogram anal-
ysis indicated nocturnal activity and, moreover, as the onset
phase was maintained in the LD-DD transition, masking
from the zeitgeber could be ruled out.

When we characterized the locomotor activity of the pdf-1
mutant strain, we found that the loss of this peptide induced
circadian arrhythmicity under both LD and DD conditions.
These defects can be rescued by a genomic copy of the
pdf-1 locus (Figs. 1c and 3c). The rescue strain even out-
performs the N2 strain in terms of the percentage of rhyth-
mic worms, which could be an effect of the strain bearing
multiple copies of the transgene that are usually associated
with the microinjection technigue, therefore causing a trans-
gene expression different from that of the wild-type strain
(Evans 2006). In other words, this ‘better’ performance of
the pdf-1 rescue strain might be due to a slightly different
expression of the transgene when compared with that from
the wild-type strain, which normally occurs with genomic res-
cues of mutant C. elegans due to the multiple copies that
constitute the extrachromosomal arrays that are formed in
microinjection-based transgenic lines. Several regulatory pro-
cesses govern the expression of these extrachromosomal
arrays, resulting in a slightly different expression and regula-
tion than that of wild-type nematodes. However, although the
pdf-1 rescue populations exhibit a slightly higher percentage
of rhythmic animals in both LD and DD, the differences are
not statistically significant from the controls, as determined
by Fisher’s G-test (P> 0.05). Therefore, the effect that can be
seen in the actograms appears to be related to an increase
in amplitude of the locomotor activity rhythm and not on the
overall percentage of rhythmic populations.

The pdf-2 mutant population, although entrained by the
LD cycle, exhibited a decrease in the percentage of animals
with significant free-running rhythms. The pdf-7+ and pdf-2+
overexpressing strains were shown to be remarkably similar
to the wild-type nematodes and showed no statistical differ
ences in terms of the percentage of rhythmic and synchro-
nized populations. It is interesting to note that the pdf-1,; pdf-2
double mutant strain showed activity patterns strikingly simi-
lar to the N2 strain. Indeed, this has been previously reported
in two other behaviors, swimming activity and number of
reversals (Meelkop et al. 2012b). In this work, it was shown
that pdf-1 and pdfr-1 mutants had lower swimming speed
than the N2 strain, but both pdf-2 and pdf-1,0df-2 mutants
showed a wild-type-like speed. Although this might be con-
sidered a limitation, as swimming speed and reversal num-
ber could affect beam crossing and, therefore, rhythmicity
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Figure 1: Representative actograms of the different C. elegans strains assayed in this study. The representative actograms of
two populations of (a) N2, (b) pdf-1, (c) pdf-1 rescue, (d) pdf-2, (e) pdf-1,pdf-2, (f) pdfr-1, (g) pdf-1+ and (h) pdf-2+ strains are shown.
pdf-1 mutants lost synchronization and appeared arrhythmic under constant conditions; this phenotype was recovered in a pdf-7 rescue
strain. pdf-2 mutants tended to lose rhythmicity under constant conditions, while pdf-1,pdf-2, pdfr-1 and overexpressing mutants did
not show significant changes in their circadian parameters. The right panels show the frequency distribution of circadian periods for all
strains and a representative periodogram of a single population under DD conditions (inset).
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Figure 1: Continued.

recordings, we found no significant changes in overall loco-
motor activity assay recordings. Also, the pdf-2 strain exhib-
ited fewer reversals than the N2, whereas pdf-7 and pdfr-1
showed more reversals; the double mutant was similar to
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Period (hours)

the wild-type controls. This fact, as well as our results sug-
gest an antagonistic role for the PDF-1 and PDF-2 peptides,
as was previously proposed (Janssen et al. 2008; Meelkop
et al. 2012Db).
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percentage of rhythmic populations under LD 12:12h condi-
tions and after transfer to constant conditions (DD) [*P < 0.01;
#P <0.08 vs. respective (LD or DD) controls from the N2 strain,
two-tailed Fisher's exact test]. The error bars indicate the stan-
dard error of percentage (SEP).

Animals lacking a functional pdfr-71 did not show significant
differences with the N2 controls in terms of statistical anal-
ysis, although the locomotor pattern appears much noisier
than in the controls, as suggested by visual inspection of
the actograms. These results suggest that there might be
alternate routes for PDF signaling other than the known C.
elegans PDF receptors, a possibility that remains to be fur
ther investigated.

In the case of the pdf-7 and the pdfr-1 mutants, as well
as with the other strains, the results could be indicative
of aging-related differences. However, when we performed
lifespan assays we found no differences among the strains
under study and, moreover, no overall changes in general
activity (data not shown).

In D. melanogaster, PDF is required to maintain activ-
ity rhythms under constant conditions (Renn etal. 1999)
and to synchronize the amplitude and phase of individual
oscillator cells (Lin etal. 2004; Peng etal. 2003; Peschel
& Helfrich-Forster 2011). Drosophila melanogaster has a
bimodal activity rhythm with morning and afternoon—night
transition peaks. Pdf mutant flies maintain rhythmicity under
LD cycles, although they lose their morning anticipatory
behavior and show a 2-h phase advance in their maximum
activity in the afternoon to night transition. After 3 days in
DD conditions, pdf mutants completely lose their rhythmic-
ity, which reflects the gradual loss of synchronization by PDF
(Peschel & Helfrich-Forster 2011; Renn et al. 1999). In fruit
flies, the loss of the PDFR affects rhythms at the individual
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and not at the population level. Under laboratory conditions,
D. melanogaster activity patterns exhibit two main compo-
nents, a morning component (M) and an evening component
(E). PDFR mutants completely lack the M component, show-
ing a unimodal pattern of activity instead of the wild-type
bimodal pattern (Hyun et al. 2005; Lear et al. 2005; Renn
et al. 1999).

The effect of pdf mutants on circadian rhythms could be
due to an underlying cycle in the expression of the genes.
However, we determined by gRT-PCR that the mRNA levels
of pdf-1, pdf-2 and the PDF receptor pdfr-1 do not cycle in
C. elegans subjected to 12:12 h LD cycles and then released
into free-running conditions (data not shown). This reveals
another similarity with D. melanogaster (Park & Hall 1998).
Different reports have shown the existence of a daily rhythm
in the immunoreactivity of PDF, limited only to the axon termi-
nals projected from the small ventrolateral neurons (s-LNvs)
(Park et al. 2000; Wu et al. 2008). Gryllus bimaculatus and
D. melanogaster show a daily rhythm in PDF release (Abdel-
salam et al. 2008; Park et al. 2000; Wu et al. 2008), mean-
while other insects such as Apis mellifera do not (Bloch et al.
2003). It still has to be determined which is the case for C.
elegans.

Overall, this study allows us to conclude that the PDF
role in the generation of circadian rhythms is evolutionary
conserved, from crustaceans to arthropods and also in C.
elegans. In this nematode, PDF-1 peptides are involved in
rhythm generation and in the synchronization to LD cycles.
Rhythmic patterns of activity rapidly disappear when pdf-1
mutants are recorded under both entrained and free-running
conditions. The role of PDF-2 and the PDF receptors is
probably more complex and involves the interaction between
the two pdf paralogues found in the nematode.

A recent study has reported large-amplitude oscillations of
gene expression in C. elegans larvae, although only short
periods (i.e. 8h) were considered. Moreover, these oscilla-
tions were phase-locked, suggesting robust synchronization
of gene expression along development (Hendriks et al. 2014).
However, the influence of such oscillations on overt behavior,
including locomotion, remains to be determined.

Besides locomotor activity patterns, there are other oscil-
lating behavioral changes in C. elegans that appear to be
regulated by neuropeptides. These nematodes exhibit a peri-
odic alternation between quiescent and active states (Fuji-
wara et al. 2002; Raizen et al. 2008); in addition, there is a
clear alternation between dwelling (i.e. local movements) and
roaming (i.e. active migration) (Ben Arous et al. 2009). Recent
reports have emphasized the role of neuromodulators in the
regulation of these behavioral states. For example, the neu-
ropeptide NLP-22 is expressed rhythmically in consonance
with lethargic state and, more interestingly, it is regulated
by the clock gene period orthologue /in-42. Moreover, forced
expression of nlp-22 causes quiescence in freely moving and
feeding nematodes (Nelson et al. 2013). In addition, the neu-
ropeptide receptor NPR-1 is also related to the regulation of
lethargus; NPR-1 knockout mutants did not exhibit quiescent
behavior (Choi et al. 2013).

This changes in quiescence and locomotion across lar
val stages has also been reported to depend on PDF-1.
Indeed, an increase in its secretion induced lethargic-like
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Figure 3: Phase distribution of rhythmic nematodes under LD conditions. The histograms represent the percentage of rhythmic
populations with their respective phases (measured as locomotor activity onset) throughout the day [with zeitgeber time (ZT) - 12,
defined as the time of lights off). (a) N2, (b) pdf-1, (c) pdf-1 rescue, (d) pdf-2, (e) pdf-1,pdf-2, (f) pdfr-1, (g) pdf-1+ and (h) pdf-2+. All
nematode strains with the exception of the pdf-1 mutant exhibited nocturnal activity (i.e. locomotor activity onset). The relatively few
pdf-1 mutants that did exhibit significant rhythmicity appear to have their onset phase distributed randomly throughout the day. The
right panels show the Rayleigh analysis (phase plots) for all strains.

behavior, probably mediated by the PDF receptors (Choi
etal. 2013). However, PDF also promotes locomotion in
an exploration-like behavioral paradigm (Barrios et al. 2012;
Janssen et al. 2008). Recently, this PDF role was incorpo-
rated into a neural modulatory circuit that also includes sero-
tonergic neurons: while PDF promoted roaming, serotonin
release induced dwelling-type locomotion (Flavell et al. 2013).
Of course, there is a lot of variation in these behaviors,
which depend on feeding and substrate conditions and age,
among other variables, but the important message here is
that locomotor activity patterns throughout development are

Genes, Brain and Behavior (2015) 14: 493-501

regulated by specific neuromodulatory circuits. While sev-
eral homologues or orthologues of circadian clock genes play
a developmental role in nematodes (e.g. Jeon et al. 1999;
Monsalve et al. 2011), the PDF appears to have retained its
circadian functionality, in terms of the Drosophila circadian
system and, as described in this study, in C. elegans.

In this sense, the PDF system of C. elegans has many sim-
ilarities with the system described in D. melanogaster and
fulfils an important role in C. elegans adaptation to its sur
rounding environment, allowing this organism to adequately
predict daily changes that occur in nature and, in addition, is
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part of the molecular oscillator that originates endogenous
circadian rhythms.
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