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Circadian clocks allow animals to anticipate 
daily environmental changes by regulating various 
behaviours and physiological processes. Locomotor 
activity is one of them, and the circadian clock 

controlling activity rhythms in the fruit fly Drosophila 
melanogaster has been extensively characterized at the 
molecular and cellular level. The circadian activity 
rhythms in Drosophila are controlled by a network of 
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Abstract  Circadian clocks schedule biological functions at a specific time of 
the day. Full comprehension of the clock function requires precise understand-
ing of their entrainment to the environment. The phase of entrained clock is 
plastic, which depends on different factors such as the period of endogenous 
oscillator, the period of the zeitgeber cycle (T), and the proportion of light and 
darkness (day length). The circadian clock of fruit fly Drosophila melanogaster is 
able to entrain to a wide range of T-cycles and day lengths. Here, we investi-
gated the importance of the neuropeptide Pigment-Dispersing Factor (PDF) for 
entrainment by systematically studying locomotor activity rhythms of Pdf 0 
mutants and wild-type flies under different T-cycles (T22 to T32) and different 
day lengths (8, 12, and 16 hour [h]). Furthermore, we analysed PERIOD protein 
oscillations in selected groups of clock neurons in both genotypes under T24 
and T32 at a day length of 16 h. As expected, we found that the phase of 
Drosophila’s evening activity and evening neurons advanced with increasing T 
in all the day lengths. This advance was much larger in Pdf 0 mutants (~7 h) 
than in wild-type flies causing (1) pronounced desynchrony between morning 
and evening neurons and (2) evening activity to move in the morning instead 
of the evening. Most interestingly, we found that the lights-off transition deter-
mines the phase of evening neurons in both genotypes and that PDF appears 
necessary to delay the evening neurons by ~3 h to their wild-type phase. Thus, 
in T32, PDF first delays the molecular cycling in the evening neurons, and then, 
as shown in previous studies, delays their neuronal firing rhythms to produce 
a total delay of ~7 h necessary for a wild-type evening activity phase. We con-
clude that PDF is crucial for appropriate phasing of Drosophila activity rhythm.
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about 150 neurons that are characterized by rhythmic 
expression of canonical clock genes (Helfrich-Förster, 
Shafer, et  al., 2007; Hermann-Luibl and Helfrich-
Förster, 2015; Top and Young, 2018). They are classi-
fied into 7 subgroups on the basis of their anatomical 
location and cell size as–small and large ventral lat-
eral neurons (s-LNvs, l-LNvs), dorsal lateral neurons 
(LNds), lateral posterior neurons (LPNs), and three 
groups of dorsal neurons (DN1s, DN2s and DN3s) 
(Helfrich-Förster, 2003; Helfrich-Förster, Yoshii, et al., 
2007; Schubert et  al., 2018). The daily activity of 
Drosophila under 12 h light/dark (LD 12:12) cycle 
exhibits bimodal patterns, comprising an activity 
peak in the morning (M), and one in the evening (E). 
The M and E activity peaks are regulated by distinct 
sets of lateral clock neurons, and genetic mosaic stud-
ies have shown that the s-LNvs are important for the 
M peak, whereas the 5th LN (formerly known as 5th 
s-LNv; Schubert et al., 2018) and the LNd are impor-
tant for the E peak (Grima et al., 2004; Stoleru et al., 
2004, 2005, 2007; Rieger et al., 2006; Picot et al., 2007).

The 4 s-LNvs and 4 l-LNvs in each Drosophila brain 
hemisphere express the neuro-peptide Pigment 
Dispersing Factor (PDF) (Helfrich-Förster, 1995; 
Kaneko et  al., 1997). PDF is necessary to maintain 
synchrony among clock neurons in DD (Peng et al., 
2003; Lin et al., 2004); hence, PDF is regarded as a pri-
mary synchronizer of neuronal clocks that ensures 
the generation of coherent rhythmic output. Indeed, 
Pdf null mutants (Pdf0) usually lose circadian rhyth-
micity after a few days in DD and the few flies that 
remain rhythmic exhibit weak rhythms with moder-
ate short period (~23 h) (Renn et al., 1999). Under LD 
12:12, Pdf0 mutants exhibit astonishingly stable activ-
ity-rest rhythms with reduced morning and slightly 
advanced E activity that may result from their short 
free-running period under DD (Renn et  al., 1999). 
Furthermore, Pdf0 mutants show robust molecular 
rhythms under LD 12:12 suggesting that loss of PDF 
does not cause severe behavioural or molecular 
rhythm defects under entrained conditions (Peng 
et al., 2003). However, Yoshii, Wülbeck, et al. (2009) 
demonstrated that Pdf0 mutants fail to adjust their 
locomotor activity to changes in day length suggest-
ing that PDF is crucial for seasonal adaptation. More 
recently, Liang et al. (2016) showed that PDF delays 
the Ca2+ rhythms in the E neurons and that it does so 
to a larger extent when the flies were kept under long 
days before recording. Again, this indicates that PDF 
is important for seasonal adaptation. As photoperi-
odic modulation of the daily activity profile depends 
on functional entrainment mechanisms, the failure of 
Pdf0 mutants in adapting to changes in day length 
suggests that entrainment is defective in the absence 
of PDF.

We tested the importance of PDF for normal 
entrainment by systematically investigating 

locomotor activity rhythms of Pdf0 mutants and 
wild-type CantonS flies under zeitgeber cycles 
with different periods and at three different day 
lengths. We increased zeitgeber periods (T) in 2 h 
steps from 22 h (T22) to 32 h (T32). This systematic 
experimental design is also known as ‘T-cycle 
approach’. Although, circadian clocks are adapta-
tions to 24 h daily zeitgeber cycles, they are capable 
of entraining to T-cycles over a limited period 
range (Aschoff and Wever, 1962; Hoffmann, 1969). 
When circadian clock entrains to different T-cycles, 
the phase relationship of the overt rhythm with LD 
cycles (Ψ) systematically changes with T-cycle 
period (Roenneberg et al., 2003, 2005). Typically, Ψ 
of the rhythm delays in T < 24 h and advances in 
T > 24 h relative to Ψ in 24 h cycles (Aschoff and 
Wever, 1962; Hoffmann, 1969). Therefore, the 
T-cycle approach produces systematic relation-
ships between zeitgeber period T and rhythm 
phase Ψ. The T-Ψ relationships are products of 
entrainment and depend on two key clock prop-
erties—(1) the endogenous period (τ), and (2) the 
phase dependent light responsiveness of the clock 
(characterized by the phase response curve 
(Johnson, 1992)). Consequently, differences in T-Ψ 
relationships indicate differences in the properties 
of entrainment.

Drosophila’s activity rhythms entrain to T-cycle peri-
odicities ranging from 19 to 36 h, and, as explained 
above, M and E activity peaks occur later in T < 24 h 
and earlier in T > 24 h in comparison to T = 24 h 
(Helfrich and Engelmann, 1987; Helfrich-Förster, 
2001). The goal of our experiments was to examine 
differences, if any, in the T-Ψ relationship between 
Pdf0 mutants and wild-type flies, in case that PDF 
should be crucial for normal entrainment. To exclude 
that such putative differences are caused by the 
slightly shorter period of Pdf0 mutants (τ~23 h), we 
also investigated the T-Ψ relationship of short-period 
mutants periodshort (perS) (τ~19 h) (Konopka and Benzer, 
1971). Furthermore, to see whether the phase of the 
activity rhythm is reflected in the phase of the molecu-
lar clock, we analysed PERIOD protein (PER) oscilla-
tions in selected groups of clock neurons in Pdf0 and 
wild-type flies under T24 and T32.

We found that Pdf 0 mutants show drastically dif-
ferent T-Ψ relationships from wild-type flies and it 
cannot be solely explained by a shorter τ οf Pdf0 flies. 
The phase advancing effect of entrainment to long 
T-cycle was so strong that under T32, E activity of 
Pdf0 mutants occurred in the morning. The earlier 
phase of E activity was paralleled by an early phase 
of PER oscillations in the E neurons of Pdf0 mutants 
under T32; their phase was advanced by about 3 h 
compared to the phase of the E neurons in wildtype. 
We conclude that PDF is needed for delaying the 
molecular clock (PER oscillations) in the E neurons to 



444  JOURNAL OF BIOLOGICAL RHYTHMS / October 2021

a wild-type phase, which in turn is essential for keep-
ing E activity in second half of the day. Thus, under 
long days and especially under long zeitgeber peri-
ods, PDF delays the PER oscillations in the E neurons 
in addition to delaying their Ca2+ oscillations as pre-
viously shown by Liang et al. (2016, 2017). In addi-
tion, PDF is also necessary to delay the M neurons 
(s-LNv) under long zeitgeber periods. In summary, 
this confirms that PDF plays an important role in 
appropriate phasing of Drosophila activity rhythm 
and demonstrates that its role is more complex than 
thought before.

Materials And Methods

Fly Stocks

For recording locomotor activity rhythms, we used 
the wild-type strain CantonS, the PDF null mutant 
Pdf 01 (+; +; Pdf 0) (Renn et al., 1999; for simplicity just 
called Pdf 0 mutants) and the short period mutant perS 
(Konopka and Benzer, 1971) that was backcrossed to 
wildtype for many generations (Horn et  al., 2019). 
For immunostainings, we used a Pdf 0 strain carrying 
a Pdf-RFP transgene (Ruben et al., 2012) (+; Pdf-RFP; 
Pdf o), which has 0.6 kb of Pdf gene regulatory genomic 
DNA (0.5 kb upstream the start site of transcription 
and 0.1 kb downstream) fused to DNA encoding Red 
Fluorescence Protein mRFP1. For RNA interference 
(RNAi) knock-down of PDF expression, we used the 
strains–UAS-dicer2; Pdf-Gal4 and w;; UAS-Pdf-RNAi 
(BL 25802). The flies were reared under LD 12:12 
cycles on standard cornmeal/agar medium at 25°C 
and 70% RH ± 5%. Only unmated, male flies of age 
3 to 4 days were taken for the experiments.

Recording the Locomotor Activity of Flies

Locomotor activity of individual male flies was 
recorded using the Drosophila activity monitoring 
system (Trikinetics Inc., Waltham, Massachusetts). 
Three- to four-day old unmated male flies were 
loaded into glass tubes (length 5 cm, diameter 5 mm) 
containing sugar-agar medium (4% sucrose, 2% agar 
in water). Flies were anesthetised with CO2 while col-
lecting unmated males on the day of eclosion, and 
while loading the flies in activity recording tubes. 

Activity was recorded in 1 minute intervals under 15 
different experimental LD cycle schedules which dif-
fered in two aspects–(a) period of LD cycle and (b) 
duration of light/ photoperiod per cycle. The LD 
cycles with periods ranging from 22 h to 32 h (T22, 
T24, T26, T28, T30, and T32) in combination with 
three different day lengths (8 h, 12 h, and 16 h) were 
used as described in Table 1. Light-dark schedule cor-
responding to each combination of T-cycle and day 
length is described in the respective box, e.g., LD 
08:18 means LD cycle consisting of 8 h light and 18 h 
dark phase. The LD cycle schedules were imple-
mented in light boxes fitted with white LED light 
sources; light intensity inside each box was set at 
100 lux. Light boxes were housed in climate chamber 
with constant temperature, 20oC and 70% relative 
humidity ± 5%. Before starting the activity recording, 
all the flies were maintained on standard cornmeal/
agar medium under rectangular LD 12:12 cycles at 
20 °C and 70% RH ± 5%.

Activity Data Analysis

Average Activity Profile

Activity count data were binned into 15 min inter-
vals. Actograms were plotted by specifying T-cycle 
periods using ActogramJ (Schmid et al., 2011). Flies 
were raised and maintained in LD12:12 before the 
beginning of activity recording, so both the geno-
types showed several transient cycles before they sta-
bly entrained to the relevant T-cycle. Individual fly 
actograms were examined for stable entrainment 
under each T-cycle condition. The activity was 
recorded sufficiently long to obtain at least 6 cycles of 
stable entrainment at the end of activity recording 
in each T-cycle. In addition, the last six cycles of 
individual fly activity data from each T-cycle was 
analysed using Chi-square periodogram method 
(5% level of significance) in R package RhythmicAlly 
(Abhilash and Sheeba, 2019) to detect rhythmic flies 
and estimate period. Activity data from rhythmic 
flies were used for plotting activity profiles. For plot-
ting activity profiles, data was first smoothened using 
3-point moving average. The middle of the dark 
phase was chosen as the start-point of each cycle. 
Activity counts in each 15 min bin was normalized by 

Table 1.  LD schedules of T-cycles.

Photoperiod, h T22 T24 T26 T28 T30 T32

8 LD 08:14 LD 08:16 LD 08:18 LD 08:20  
12 LD 12:10 LD 12:12 LD 12:14 LD 12:16 LD 12:18  
16 LD 16:06 LD 16:08 LD 16:10 LD 16:12 LD 16:14 LD 16:16

Abbreviation: LD = light/dark. The notation in each cell describes the duration of light and dark phases in hours for each T-cycle.
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dividing the count by total activity during the cycle 
and multiplying by 100. Each 15 min bin activity 
count was therefore expressed as percentage of total 
activity during the cycle. Average activity at each 
time-point (15 min interval) was calculated by taking 
average over 5 cycles within individual fly and over 
all the flies in the sample to plot an average activity 
profile of a genotype under each LD cycle.

Phase of the Activity Rhythm

The phase relationship of activity rhythm with 
light-dark cycle—Ψ, was estimated using E peak as a 
phase marker. Timing of E activity peak for each fly 
was estimated by manually identifying the time-point 
showing maximum normalized activity level in the 
average activity profile. Average timing of E peak for 
a genotype under particular LD cycle was estimated 
by taking the average over estimates from all the flies 
in a sample. Phase of the E activity peak was either 
expressed in hours (h) after lights-on (corresponding 
to zeitgeber Time [ZT]); ZT00 is the time of lights-on) 
or in hours after lights-off. The effect of T-cycle period 
on Ψ was tested by performing a Kruskal-Wallis test 
on each genotype separately. The statistical signifi-
cance of difference in Ψ between genotypes under any 
given T-cycle was tested using Mann-Whitney U test.

Immunocytochemistry

Flies were maintained in T24 (LD 16:8) and T32 
(LD 16:16) for 15 days to ensure stable entrainment to 
T32 and on 16th day whole flies were quickly fixed in 
4% paraformaldehyde in phosphate buffer (PB) with 
0.1% Triton X-100 for a subsequent 2.5 h at room tem-
perature. For immunohistochemistry on whole-
mount brains, the fixed flies were rinsed 3 times in PB 
and the brains dissected in PB. The brains were 
blocked overnight in 5% normal goat serum (NGS) at 
4 °C and subsequently incubated at 4 °C for 48 h in 
primary antibodies diluted in PB containing 5% NGS 
and 0.5% Triton X-100. Wildtype brains were stained 
with rabbit anti-PER (1:2000) and mouse anti-PDFc7 
(1:2000), and pdf-RFP; Pdf 0 brains were stained 
with rabbit anti-PER (1:2000) and rat anti-mCherry 
(1:2000). Secondary fluorescence-conjugated antibod-
ies diluted 1:200 were applied for 3 h at room tem-
perature following washing of 6 times in PB with 
0.5% Triton X-100. Wildtype brains were incubated 
with Alexa Fluor 635 (goat anti-rabbit) and Alexa 
Fluor 488 (goat anti-mouse) (Molecular Probes, 
Carlsbad, CA); and Pdf-RFP; Pdf 0 brains were incu-
bated with Alexa Fluor 635 (goat anti-rabbit) and 
Alexa Fluor 555 (goat anti-rat) secondary antibodies. 
After the incubation in the secondary antibodies, the 
brains were washed 6 times in PB with 0.5% Triton 

X-100 and mounted in Vectashield mounting medium 
(Vector Laboratories, Burlingame, CA).

Image Acquisition and Analysis

For quantification of fluorescence signal from PER 
staining, whole mount brains were imaged by using a 
Leica TCS SP8 laser confocal microscope (Leica 
Microsystems, Wetzlar, Germany). Confocal stacks 
consisting of 2 μm thick optical sections were taken at 
400 Hz using the 635 nm laser to visualize PER (Alexa 
Fluor 635) and 488 nm laser to visualize PDF (Alexa 
Fluor 488) or 555 nm laser to visualize RFP (Alexa 
Fluor 555). All brains were processed similarly, and 
the same settings were kept for all of the scans, time 
points, and genotypes. Images were analysed to 
quantify the intensity of PER protein levels using 
tools in ImageJ in 8 to 10 hemispheres from separate 
brain samples per genotype and time point. Mean 
nuclear PER staining intensity of different cell groups 
in each brain sample was estimated by measuring 
mean intensity in an arbitrarily chosen square-shaped 
area of 3 × 3 pixels from the brightest focal plane in 
individual cells. The large number of very small, 
tightly packed cells in the DN3 group of neurons 
makes it difficult to quantify staining intensity in 
individual neurons. Therefore, we obtained maxi-
mum intensity projection over 10 consecutive slices 
from the brain region covering DN3 neurons. The 
mean pixel intensity of DN3 neurons was estimated 
as average of mean pixel intensities from three square 
shaped areas (10 × 10-pixel) spanning the DN3 cluster. 
Intensity was measured in grayscale units, ranging 
between 0 (black; no staining) and 255 (white; satu-
rated staining). The background staining was mea-
sured similarly. After correcting for background, 
replicate PER intensity values were plotted against 
the sample collection time-point (time since lights-
off, h) for each neuronal subgroup and genotype. 
Rhythmicity in nuclear PER abundance time series 
was analysed using single component COSINOR 
based method by fitting cosine wave function of a 
specified period (24 or 32 h) to PER intensity data 
(Cornelissen, 2014). COSINOR analysis was imple-
mented using CATcosinor function from the CATkit 
package written in R (Lee Gierke and Cornelissen, 
2016).

Results

Entrainment of Pdf0 Mutants Is Different From 
That of Wildtype Flies

We hypothesized that if the mechanism of light 
entrainment is defective in Pdf 0 mutants, the T-Ψ 
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relationship will differ between Pdf 0 and wild-type 
flies. We tested this hypothesis by studying the activ-
ity-rest rhythms of the two strains under T-cycles 
with periods between 22 and 32 h. T-cycle entrain-
ment studies typically set day length as a fixed per-
centage of T-cycle period. As a result, the absolute 
duration of the light phase changes with T-cycle 
period, causing the zeitgeber strength to differ 
between T-cycles. To avoid such a variation in zeitge-
ber strength, we kept the day length constant through-
out the T-cycles (Table 1), but we performed the entire 
T-cycle experiments under three different day lengths 
(8 h, 12 h, and 16 h). This allowed testing for effects of 
day length separately from the effects of zeitgeber 
period on the T-Ψ relationship.

Wild-type and Pdf 0 flies were raised and main-
tained in LD12:12 before the beginning of activity 
recording in T-cycles, so both the genotypes showed 
several transient cycles before they stably entrained 
to the T-cycle regimes. Visual inspection of individ-
ual fly actograms revealed clear evidence for stable 
entrainment, at least during the last 6-8 days of 
recording in each T-cycle regime in both the geno-
types. Moreover, Chi-square periodogram analysis 
of the last 6 cycles of activity data under T-cycles 
showed a good match between rhythm period and 
the period of the entraining T-cycles in wild-type 
and Pdf 0 flies (Table 2).

In all the light regimes, wild-type flies exhibited 
bimodal activity patterns with M and E activity 

Table 2.  Percent rhythmicity, period and power of activity rhythms in wildtype, Pdf0 and perS flies under T-cycle entrainment.

T-Cycle n n Rhythmic (%) Period (SEM), h Power (SEM) n
Phase of Evening
Peak (SEM) ZT, h

wildtype
8 h

T22 31 31 (100) 22.00 (0.00) 101.01 (9.34) 31 8.83 (0.21)
T24 31 31 (100) 24.04 (0.02) 117.05 (9.15) 31 8.30 (0.04)
T26 30 30 (100) 26.00 (0.00) 165.67 (13.05) 30 7.24 (0.11)
T28 30 20 (93.33) 28.02 (0.02) 136.13 (12.75) 27 6.66 (0.13)

Pdf0

8 h
T22 31 31 (100) 21.96 (0.02) 116.42 (9.43) 31 7.24 (0.12)
T24 29 29 (100) 23.98 (0.02) 169.25 (10.71) 29 5.71 (0.18)
T26 31 31 (100) 25.95 (0.02) 139.01 (10.00) 28 4.44 (0.20)
T28 31 31 (100) 28.02 (0.03) 163.36 (14.63) 31 2.56 (0.16)

wildtype
12 h

T22 31 29 (93.55) 22.00 (0.00) 129.55 (12.07) 29 12.02 (0.12)
T24 28 25 (89.29) 23.99 (0.01) 157.32 (17.34) 24 11.78 (0.12)
T26 29 29 (100) 26.00 (0.00) 164.11 (13.06) 28 11.29 (0.08)
T28 31 29 (93.55) 28.01 (0.01) 147.64 (16.55) 28 10.61 (0.11)
T30 29 29 (100) 30.10 (0.05) 132.06 (14.39) 27 9.04 (0.15)

Pdf0

12 h
T22 32 30 (93.75) 21.99 (0.01) 128.28 (12.32) 29 10.49 (0.15)
T24 30 29 (96.67) 23.93 (0.04) 146.51 (11.5) 28 8.35 (0.20)
T26 32 27 (84.38) 25.94 (0.04) 150.14 (14.15) 27 6.71 (0.25)
T28 26 24 (92.31) 27.91 (0.05) 115.11 (12.47) 23 5.18 (0.24)
T30 23 23 (100) 29.93 (0.05) 186.09 (17.37) 23 2.38 (0.25)

perS

12 h
T22 31 28 (90.32) 21.99 (0.01) 160.04 (14.47) 28 9.93 (0.12)
T24 28 27 (96.43) 24.00 (0.01) 174.72 (13.95) 28 8.48 (0.11)
T26 30 28 (93.33) 26.00 (0.03) 122.61 (14.31) 25 7.60 (0.12)
T28 30 26 (86.67) 28.00 (0.02) 121.04 (14.93) 26 5.71 (0.11)
T30 30 27 (90.00) 30.03 (0.03) 114.59 (15.76) 27 3.43 (0.14)

wildtype
16 h

T22 31 31 (100) 22.00 (0.00) 254.39 (15.38) 31 15.31 (0.07)
T24 31 31 (100) 24.00 (0.00) 209.15 (13.68) 31 14.81 (0.12)
T26 30 30 (100) 26.00 (0.00) 225.76 (15.9) 30 14.35 (0.13)
T28 27 27 (100) 28.00 (0.00) 224.56 (18.13) 27 13.10 (0.20)
T30 30 29 (96.67) 30.01 (0.02) 136.52 (14.72) 26 12.69 (0.21)
T32 30 30 (100) 32.00 (0.02) 259.54 (20.98) 28 10.58 (0.16)

Pdf0

16 h
T22 31 28 (90.32) 21.94 (0.03) 107.94 (13.84) 28 13.06 (0.20)
T24 29 27 (93.10) 23.94 (0.03) 188.49 (15.08) 27 11.48 (0.23)
T26 31 30 (96.77) 25.98 (0.03) 119.65 (12.27) 30 9.98 (0.14)
T28 29 29 (100) 27.95 (0.04) 121.93 (9.19) 29 8.02 (0.23)
T30 31 31 (100) 29.97 (0.05) 168.79 (13.74) 31 5.81 (0.21)
T32 29 29 (100) 31.95 (0.05) 162.58 (13.5) 27 3.25 (0.18)

Abbreviations: SEM = Standard Error of Mean; ZT = zeitgeber Time. Six cycles of activity data from individual fly under T-cycle 
entrainment was analysed using Chi-square periodogram method (5% level of significance) to test rhythmicity and estimate period. Data 
from rhythmic flies was further analysed to estimate phase of E activity peak.
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peaks; whereas Pdf 0 mutants showed prominent E 
activity peaks and highly reduced M activity, which 
is typical for these mutants. We therefore focused our 
analysis on E activity and used the timing of the E 
peak to assess the phase of the rhythm. As expected, 
both strains showed systematic changes in rhythm 
phase with the increasing period of the entraining 
T-cycles under all the three day-lengths. Relative to 
the timing under 24 h cycles, E peaks delayed in 
T < 24 h and gradually advanced in T > 24 h. In short, 
over the range of T-cycles tested, E peak gradually 
advanced with the increasing zeitgeber period of the 
entraining LD-cycles in both the genotypes (Figure 1; 
Table 2; Suppl. Figs. S1-S3; Suppl. Figs. S4-A-S4-C). 
This is exactly what we expected and it indicates that 
the activity rhythms of the two genotypes stably 
entrained to the T-cycles tested in our study.

Most interestingly, the phase of E activity depended 
additionally on day length (Figure 1). It got delayed 
with increasing day length and this seemed again 
true for both genotypes. A three factor ANOVA 
testing for the effects of zeitgeber period, day length 
and genotype on the phase of E activity (done for 
T22 to T28) revealed highly significant effects of all 
factors on the timing of E activity, zeitgeber period: 
F(3,663) = 496.96; p < .001; day length: F(2,663) = 2943.38; 
p < .001; genotype: F(1,663) = 2716.92; p < .001. Further
more, this ANOVA revealed significant interactions 
between genotype and zeitgeber period, F(3,663) = 96.67; 
p < .001, and between genotype and day length, 
F(2,663) = 24.70; p < .001, meaning that the effect of zeit-
geber period and day length on the rhythm phase 
was genotype dependent.

Significant effects of the zeitgeber period on the E 
peak phases of wild-type and Pdf 0 flies were also 
revealed by the Kruskal-Wallis tests (this time we 
included all zeitgeber periods from T22 to T32 in the 
test, Table 3). Between the shortest and longest T-cycle 
periods, the E peaks of wild-type flies advanced by ~ 
2 h, 3 h, and 5 h under the 8 h, 12 h, and 16 h day 
lengths, respectively. In Pdf 0 mutants, the advance 
was almost twice as large as in wild-type flies and 
amounted ~ 4.5 h, 8 h, and 10 h, respectively (Figure 1; 
Table 2). Consistently, the linear regression showed 
that slopes of the T-Ψ relationship were steeper for 
Pdf 0 mutants than for wild-type flies (Figure 2a-2c; 
Table 4[A]) showing that E peak in Pdf 0 is advanced 
by much larger magnitude than in the wild-type for 
every hour rise in T-cycle period.

We also studied the activity-rest rhythms of flies 
where PDF expression was knocked down in s-LNvs 
and l-LNvs using RNA interference (RNAi) strategy, 
under T24 and T30 (16 h daylength). The PDF RNAi 
knock-down also advanced the E peak phase under 
T24 and T30, but not as much as in Pdf 0 mutants 
(Suppl. Figs. S5A and S5B; Suppl. Table S6). The PDF 
RNAi knock-down flies lacked PDF staining in the 

arborizations of the s-LNvs and showed strongly 
reduced staining in that of the l-LNvs, but staining 
was still visible in the cell bodies suggesting an 
incomplete knock-down of PDF expression (Suppl. 
Fig. S5 C). The incomplete knock-down of PDF 
explains the smaller phase advance of the E peak in 
PDF RNAi knock-down flies. These results support 
our observations in Pdf 0 mutants, and suggests that 
the large phase advance of the E peak in Pdf 0 mutants 
under long T-cycles stems from the loss of PDF, and is 
not caused by different genetic backgrounds. All 
these observations clearly indicate that the entrain-
ment properties of Pdf 0 mutants are different from 
that of wild-type flies.

Evening Activity Peak in Pdf0 Appears to Follow 
the Previous Lights-Off

A closer examination of the data suggests that T-Ψ 
relationship in Pdf 0 mutants runs almost parallel to a 
straight line drawn through the lights-off transitions 
of the preceding LD cycles (dashed black lines in 
right panels of Figure 1a-1c). Therefore, we plotted 
T-Ψ relationship by expressing the phases of E activ-
ity peak as time since previous lights-off instead of 
the time that passed since lights-on (Figure 2d-2f); 
and tested if the T-Ψ relationships ran parallel to the 
X-axis and if the slopes were equal to zero. The linear 
regression showed that the phase of E activity peak 
gradually delayed relative to the previous lights-off 
transition in wild-type flies as period of the T-cycle 
lengthened, producing positive slopes which were 
significantly different from zero (Figure 2d-2f; 
Table 4[B]). In Pdf 0 mutants, on the other hand, the 
slope of the T-Ψ relationship was only significantly 
different from 0 under the 8 h photoperiod (here it 
amounted to 0.23). Under the 12 h and 16 h photope-
riod, slopes were 0.03 and 0.02, respectively, and not 
significantly different from 0 (Figure 2d-2f; Table 
4[B]). This analysis confirms that the activity peak in 
Pdf 0 mutants tend to lag the lights-off transition by a 
constant time interval, suggesting that the clock con-
trolling activity rhythm in Pdf 0 mutants is driven by 
the light-dark cycle. Nevertheless, the constant time 
interval between lights-off and the peak of E activity 
was different for the three different day lengths.

T-Ψ Relationships of perS and Pdf0 Mutant Flies

We studied activity rhythm of short period mutant 
perS (τ = 19 h; Konopka and Benzer, 1971) under 
T-cycles with 12 h photoperiod to analyze the contri-
bution of a short endogenous period to the T-Ψ rela-
tionship. As mentioned above, Pdf 0 mutants also 
have a shorter τ (23 h) than wild-type flies and though 
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Figure 1. A ctivity-rest profiles and the phases of E activity peak in wildtype and Pdf 0 mutants entrained to T-cycles. (a-c) show average 
activity-rest profiles of flies entrained to T-cycles in the left panel and phases of E activity peak in the right panel. a, b and c represent 
T-cycle sets with 8, 12 and 16 h photoperiod respectively, with T-cycle period increasing from top to bottom. White and grey regions 
depict light and dark phases respectively. Left panels: The black and orange line plot under each T-cycle depicts average normalized 
activity profile generated from activity recordings of 23-32 wildtype and Pdf 0 mutant flies respectively. Activity level at each time point 
is an activity over 15 minute interval expressed as a percentage of total activity during one complete LD cycle (midnight to midnight), 
averaged over 5 days within each fly and over total number of flies in a sample. Right panels: Black and orange open circles depict the 
average phase of E activity peak in wildtype and Pdf0 mutant flies respectively, estimated from E activity peak phases of 23-32 flies. The 
difference between E activity peak phases of wildtype and Pdf0 mutant flies were tested for significance by pairwise Mann Whitney U 
test; differences are significant under all the LD cycles (Table 5). The dashed black line depicts line joining lights-off transitions of the 
preceding LD cycles over T-cycle period range. Abbreviation: LD = light/dark.
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it is only 1 h shorter than that of wild-type flies, this 
can affect the T-Ψ relationship. Like wild-type flies 
and Pdf 0 mutants, perS mutants significantly advanced 
the E activity peak with increasing zeitgeber period 
(Figure 3a; Table 3). Between T22 and T30, the phase 
of E activity peak advanced by ~ 8 h Pdf 0 mutant, 
whereas it advanced by ~ 6.5 h in perS (Figure 3a; 
Table 2). The linear regression analysis showed a T-Ψ 
relationship with negative slope that is similar to 
but less steep than in Pdf 0 mutants (Figure 3b; 
Table 4[A]). Moreover, the phases of E activity peak 
were significantly different between perS and Pdf 0 
mutants under T22 and T30 (Table 5). Together these 
observations indicate that the phase advance under 
T-cycle entrainment in Pdf 0 mutants is larger than 
in perS mutants, although perS mutants have a 
shorter period than Pdf 0 mutants. Thus, the short τ 
alone cannot explain the differences in T-Ψ relation-
ship between wild-type flies and Pdf 0 mutants.

Molecular Clocks of Wild-Type and Pdf0 Mutant 
Flies Entrained to T24 and T32

To test whether the large phase difference in E 
activity between Pdf 0 mutants and wild-type flies 
under T32 is reflected in the phase of the molecular 
clock, we performed immunostainings against the 
clock protein PER. Wild-type flies and Pdf 0 mutants 
were entrained to 24 h (LD 16:8) and 32 h (LD 16:16) 
LD cycles and their brains stained every 4 hours. We 
focused our analysis on nuclear PER staining intensi-
ties in six groups of clock neurons (s-LNvs, l-LNvs, 5th 
LN, LNds, DN1s and DN3s). Under both cycles, all 
clock neuron groups in wild-type flies and Pdf 0 
mutants showed visible PER rhythms, mostly with 
one peak (Figure 4a). Single-component COSINOR 
analysis revealed that PER-cycling was statistically 
significant in all the neuronal groups (Table 6). The 
COSINOR analysis also estimated the phase of PER 
peak for each clock neuron group (Figure 5a; Table 6), 
however the statistical significance of difference 
between the phases of neurons could not be ascer-
tained as the data come from a single immunostain-
ing experiment.

Under T24, all clock neurons cycled almost in 
phase with each other, while the PER maxima 
occurred on average about 1.5 h earlier in Pdf 0 
mutants than in wild-type flies (Figure 5a). The maxi-
mum difference in phases of peak PER intensities 
among clock neurons was 1.03 h, range: ZT 2.37 h to 
ZT 3.40, standard deviation (SD) = 0.40 h, in wild-type 
flies, and 1.07 h (range: ZT 1.9 h to 2.97 h, SD = 0.42 h) 
in Pdf 0 mutants. In wild-type flies, the DN1s had a 
slightly earlier phase than the rest of the clock neu-
rons, which is consistent with earlier observations 
under long days (Menegazzi et  al., 2013). In Pdf 0 
mutants, on the other hand, the s-LNvs had a later 
phase than the rest of the clock neurons (Figure 5a). 
Interestingly, the DN1s had a similar phase in wild-
type flies and Pdf 0 mutants.

Under T32, the clock neuron groups showed a 
larger variation in phase in both genotypes (Figures 
4a and 5a, Table 6). The maximum phase difference 
among clock neuron was 4.96 h (range: ZT 26.27 h to 
31.23 h, SD = 1.62 h) in wild-type flies and 4.69 h 
(range: ZT 24.44 h to 29.13 h, SD = 1.97 h) in Pdf 0 
mutants. The maximum phase difference among 
clock neurons in T32 was 4.81 times the difference 
under T24 in wild-type flies, and 4.38 times in Pdf 0 
mutants, respectively. This shows that the clock neu-
rons lost synchrony as flies entrained to T32.

Under T32 the M neurons (s-LNvs) were delayed 
relative to the E neurons (5th LN and LNds) in both the 
genotypes (Figure 5a, Table 6). In wild-type flies, the 
M neurons peaked around lights-on, which was 3.4 h 
after the E neurons. In Pdf 0 mutants, the M neurons 
peaked ~3 h before lights-on, which was ~4.5 h after 
the E neurons. These observations suggest that M and 
E neurons in Pdf 0 mutants showed greater desyn-
chrony than wild-type flies.

When comparing the phases of E neurons between 
wild-type flies and Pdf 0 mutants under T32, it 
becomes clear that the E neurons peaked more than 
3 h earlier in Pdf 0 mutants than in wild-type flies 
(Figure 5a, Table 6). This suggests that the advanced 
phase of E neurons causes the early E activity in Pdf 0 
mutants under long zeitgeber cycles. As already 
found under T24, the DN1s showed no phase differ-
ence between wild-type flies and Pdf 0 mutants. The 
same was true for the l-LNv.

When plotting the phases of the clock neurons as 
hours after lights-off (Figure 5b), it becomes obvious 
that the phase of the E neurons in wild-type flies did 
not change with zeitgeber period. It occurred ~12 h 
after lights-off under T24 and T32. Amazingly, this 
was not as precisely true for the phase of the E neu-
rons in Pdf 0 mutants, in which the phase of E activ-
ity phase locked to lights-off (Figure 2d-2f). Their 
PER peak occurred ~ 1 h earlier (~9 h after lights-off) 
under T32 than under T24 (~10 h after lights-off) 
(Figure 5b).

Table 3.  Summary of Kruskal-Wallis tests on the E activity  
peak phases across T-cycles in wildtype, Pdf0 and perS mutant 
flies.

Photoperiod Genotype Groups H p-value

8 h wildtype 4 93.66 <.0001
Pdf0 4 95.35 <.0001

12 h wildtype 5 100.40 <.0001
Pdf0 5 111.10 <.0001
perS 5 122.30 <.0001

16 h wildtype 6 135.30 <.0001
Pdf0 6 155.80 <.0001
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Discussion

Loss of PDF Alters Entrainment Properties of 
Activity Rhythms

The inability of Pdf 0 flies to track changes in day-
length is suggestive of defective entrainment mech-
anisms (Yoshii, Wülbeck, et al., 2009). We addressed 
this hypothesis using the T-cycle entrainment 
approach where we tested if the T-Ψ relationship of 
activity rhythm in Pdf 0 mutants differ from wild-type 
flies. The phases of activity rhythms in both the geno-
types systematically advanced with increasing period 

of T-cycle—a clear sign of entrainment. Comparison 
of T-Ψ relationships over T-cycle period range of 
22-32 h showed that for every hour rise in T-cycle 
period, the E activity peak in Pdf 0 flies advanced by 
much larger magnitude than in wildtype flies, clearly 
indicating altered light entrainment properties of Pdf 0 
mutants. As Pdf 0 and wildtype flies showed the larg-
est phase difference in their activity rhythm in T32, 
we tested whether they also exhibit a correlated phase 
difference in their molecular clock by studying PER 
rhythms in clock neurons. In the following, we dis-
cuss the importance of PDF for entrainment of 
Drosophila activity rhythms in the light of the present 

Figure 2.  T-Ψ relationships in wildtype and Pdf 0 flies. T-Ψ relationships of wildtype and Pdf 0 flies under 8 h (a, d), 12 h (b, e) and 16 h 
(c, f) photoperiod conditions. Black and red open circles represent the average phases of E activity peak in wildtype and Pdf 0mutant flies 
plotted as a function of T-cycle period. Solid lines represent best fitting linear relationships obtained by linear regression and shaded 
ribbons depict standard errors. The phases of E activity peak are expressed as time since lights-on (h) in a, b and c; and time elapsed 
since previous lights-off (h) in d, e and f.
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results on the molecular clock and observations from 
other studies.

Desynchrony Among Clock Neurons Under T32

Consistent with previous studies, we observed 
synchrony among clock neurons in wildtype flies 
entrained to T24 (LD 16:8) (Figures 4a and 5a; Table 6) 
(Yoshii, Vanin, et al., 2009; Roberts et al., 2015). Only 
the DN1 had a slightly earlier phase than the other 
clock neurons, which is typical for long daylengths 
(Menegazzi et al., 2013). Under T32 (LD 16:16), wild-
type flies exhibited robust 32 h PER rhythms in all the 
clock neurons, but unlike in T24, clock neuron groups 
showed phase differences of more than 4.5 h indicat-
ing desynchrony among them (Figures 4a and 5a). 
Pittendrigh and Minis (1972) speculated that entrain-
ment of a circadian system comprising a network of 
clocks to non-24 h cycles would exhibit altered mutual 
phase relationships among constituent clocks com-
pared to the phase relationships under 24 cycles. To 
the best of our knowledge, our result is a first direct 
evidence supporting the proposition of Pittendrigh 
and Minis (1972) in any invertebrate system. Phase 
differences between different groups of clock neurons 
entrained to the same zeitgeber cycle imply differ-
ences in their key entrainment properties that might 
be caused by different endogenous periods and/or 
by differences in phase-dependent light responsive-
ness. Indeed, the different groups of clock neurons 

are heterogenous with respect to their endogenous 
period (Blanchardon et  al., 2001; Yoshii, Wülbeck, 
et al., 2009), their connections with other clock neu-
rons (Hermann-Luibl and Helfrich-Förster, 2015; Yao 
and Shafer, 2014), and their light reception (Yoshii 
et al., 2015; Li et al., 2018; Helfrich-Förster, 2020).

Loss of PDF causes desynchrony among clock 
neurons under DD (Lin et al., 2004), however they 
remain apparently synchronous under LD 12:12. 
This observation lead Peng et al. (2003) to conclude 
that PDF mediated communication is not so impor-
tant to maintain synchrony under entrained condi-
tions, when individual clock cells can independently 
receive light inputs. Consistent with the observations 
in Peng et al. (2003), the clock neurons of Pdf 0 mutants 
were almost in synchrony in our study under T24, 
although the phase relationship between neurons dif-
fered from that of wild-type flies (the s-LNvs peaked 
later than the other groups). We noticed an interest-
ing pattern of desynchrony among the clock neurons 
under T32, which was similar in wildtype flies and 
Pdf 0 mutants: the phases of s-LNvs (M neurons) were 
among the most delayed clock neurons, whereas 5th 
LN and LNds (E neurons) were among the earliest. In 
Pdf 0 mutants, the phase difference between M and E 
neurons was larger indicating that the loss of PDF 
enhanced the desynchrony between M and E neurons 
(Figures 4a and 5a). Most likely, the absence of PDF 
also caused a slight desynchrony already under T24, 
which probably manifests as delayed phase of s-LNvs 
compared to the other clock neurons (Figures 4a 
and 5a). However, the phase differences between the 
other neuronal groups may simply be not large 
enough to be detected by a sampling interval of 4 h 
that is typically used in molecular studies. Our results 
thus demonstrate that the loss of PDF signaling 
desynchronizes clock neurons under entrained state 
in a similar way as it does under DD, which in turn 
suggests that the loss of PDF signaling alters light 
entrainment properties of Drosophila clock neurons.

In addition to desynchrony among clock neuron 
groups, the qualitative trends in PER waveform sug-
gest that the loss of PDF may also induce a desyn-
chrony within the individual clock neuron groups. 
The latter becomes evident when PER intensities of 
each neuron group are plotted as a mean of all the 
replicates instead of a scatterplot with COSINOR fit 
(Figure 4b). Figure 4b illustrates that the PER wave-
form of LNds, DN1s and DN3s appears to be com-
prised of two peaks separated by a shallow trough. 
Although, one has to be cautious about this observa-
tion because our data are derived from a single exper-
iment, it is worth to note that one peak approximately 
coincided with peak phase identified by COSINOR 
and the other occurred about 8 h later. The phase of 

Table 4.  Summary of linear regression analysis.

Photoperiod Genotype Slope R2 p-Value

A
  8 h Wildtype −0.37 0.98 <.01

Pdf0 −0.76 0.99 <.01
  12 h Wildtype −0.35 0.88 <.05

Pdf0 −0.96 0.98 <.01
perS −0.78 0.97 <.01

  16 h Wildtype −0.44 0.92 <.01
Pdf0 −0.97 0.98 <.001

B
  8 h Wildtype 0.62 0.99 <.01

Pdf0 0.23 0.94 <.05
  12 h Wildtype 0.64 0.96 <.01

Pdf0 0.03 0.07 Ns
perS 0.21 0.72 .06

  16 h Wildtype 0.55 0.95 <.01
Pdf0 0.03 0.07 Ns

The slope, R2 value and p-value of the linear relationship between 
T-cycle period and phase of E activity peak in wildtype, Pdf 0 and 
perS flies under different photoperiod conditions. Summaries of 
regression analysis performed (A) using E activity peak phases 
expressed as time since lights-on (h), and (B) using E activity peak 
phases expressed as time elapsed since previous lights-off (h).
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Figure 3. A ctivity rhythms of perS and Pdf 0 mutants under T-cycle entrainment. (a) Activity profiles (left) and phases of E activity peak 
(right) of perS and Pdf0 mutants under T-cycles with 12 h photoperiod. Black and red line plot under each T-cycle in left panel depicts 
average normalized activity profile estimated from activity recordings of 23-29 perS and Pdf 0 flies respectively. Activity level at each 
time point is an activity over 15 minute interval expressed as a percentage of total activity during one complete LD cycle (midnight to 
midnight), averaged over 5 days within each fly and over total number of flies in a sample. Black and red open circles in right panel 
depict the average phases of E activity peak in perS and Pdf0 flies respectively, estimated from E activity peak phases of 23-29 flies. The 
dashed black line depicts line joining lights-off transitions of the preceding LD cycles over T-cycle period range. (b) T-Ψ relationships 
of perS and Pdf0 mutants. Black and red open circles represent the average phases of E activity peak in perS and Pdf0 mutant flies plotted 
as a function of T-cycle period. Solid lines represent best fitting linear relationships obtained by linear regression and shaded ribbons 
depict standard errors. Abbreviation: LD = light/dark.

the second later peak is almost identical with the PER 
peak phase in wildtype flies, suggesting that the loss 
of PDF advances only a subset of neurons within 
these groups. Within the LNds, DN1s and DN3s only a 
subset of the neurons expresses the PDF receptor 
(Shafer et  al., 2008; Mertens et  al., 2005; Im and 
Taghert, 2010; Im et al., 2011), which probably explains 
why only a subset of these neurons are affected by the 
loss of PDF signaling. Most interestingly, the PDF 
receptor expressing neurons are identical with the 

CRY expressing clock neurons, while the other clock 
neurons are devoid of CRY (Im et al., 2011). CRY and 
PDF appear to interact and modulate the amplitude 
and phase of the clock neurons (Im et  al., 2011). 
Together these observations may explain the altered 
phases of (a) clock neurons, (b) locomotor activity 
components under their control in the absence of 
PDF signaling; and consequently the abnormal light 
entrainment properties of locomotor activity rhythm 
in Pdf 0 mutants.
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Loss of PDF Advances the Phase of E Neurons 
Under Entrained State

The LD12:12 and DD activity phenotypes of Pdf 0 
and PDF receptor null mutants pdfrhan5304 are identical 
to flies with ablation or electrical silencing of PDF 
expressing neurons (Renn et al., 1999; Wu et al., 2008; 
Lear et  al., 2005). These observations show that the 
effect of loss of PDF signaling is equivalent to loss of 
PDF expressing neurons which suggests that locomo-
tor activity in Pdf 0 mutants is primarily driven by a 
subset of non-PDF neurons (Renn et  al., 1999; Lin 
et al., 2004). As the E activity peak is the only promi-
nent activity bout in Pdf 0 mutants, E neurons may be 
regarded as primary driver of locomotor activity in 
these flies. The advanced phase of the molecular 
clock in LNds (a subset of E neurons) of Pdf 0 flies after 
several days in DD suggest a shorter intrinsic period 
of LNds in the absence of PDF signaling (Lin et  al., 
2004). In wildtype flies, the s-LNvs reset (delay) the 
phase of molecular clock in LNds via PDF signaling 
(Stoleru et al., 2005; Wu et al., 2008; Guo et al., 2014; 
Seluzicki et  al., 2014), while E activity in Pdf 0 flies 
remains slightly advanced relative to wildtype flies 
under LD 12:12 (Renn et al., 1999). All these observa-
tions suggest that PDF is needed for daily resetting of 
E neurons by delaying their phase, and thus predict 
the advanced phase of E neurons under LD 12:12 in 
the absence of PDF signaling. Consistent with this 
prediction, Lear et  al. (2009) indeed found a subtle 
advance of E neurons in pdfrhan5304 mutant as com-
pared to wild-type flies, but indicated a need for 

higher sampling resolution to conclusively demon-
strate a molecular phase shift in the E neurons. Our 
T32 experiments clearly demonstrate that the E neu-
rons of Pdf 0 mutants are advanced by more than 3 h 
relative to the E neurons of wildtype flies (Figures 4a 
and 5a; Table 6). This suggests that the loss of PDF 
advances the phase of E neurons, which in turn 
advances the phase of E activity. However, we 
observed that the E activity peak occurred about ~7 h 
earlier in Pdf 0 mutants than in wildtype, which can-
not be explained by the ~3 h advance of the E neurons 
alone. The results of Liang et  al. (2016, 2017) may 
explain this discrepancy, because these authors found 
that the PDF signaling—(1) delays the phase of neu-
ral activity rhythms in E neurons, and (2) partially 
modulates light induced phase shifts in neural activ-
ity rhythms through a mechanism apparently inde-
pendent of the effects of PDF on the phase of 
molecular clock. Therefore, we speculate that the ~7 h 
advanced phase of E activity in Pdf0 mutants relative 
to wildtype reflects the combined action of PDF’s 
phase delaying effects on molecular clock and addi-
tional effects on the neural activity rhythms of E neu-
rons. Moreover, these explanations also corroborate 
our observation that the shorter period is insufficient 
to explain the advanced phase of E activity in Pdf 0 
mutants (Figure 3; Table 2). We also observed that 
sLNvs of Pdf 0 mutants were advanced by more than 
2 h relative to those of wildtype flies under T32 sug-
gesting that PDF also delays the phase of M neurons 
under entrained state; however, the phase of sLNvs 
may be of little functional significance as PDF express-
ing neurons apparently lack control over locomotor 
activity in Pdf0 mutants (Renn et al., 1999; Lin et al., 
2004).

Phase Locking of E Neurons to Lights-Off 
Transition

We observed that the activity peak in Pdf0 mutants 
lagged behind the lights-off transition by a constant 
time interval in all the T-cycles, or in other words, 
phase locked to the lights-off transition (right side 
panels in Figures 1 and 2d-2f). This suggests that 
the clock(s) regulating activity rhythms in Pdf0 
mutants behave like an hourglass based system. 
Such hourglass clocks are assumed to be com-
pletely damped by the end of light phase and start 
afresh at the beginning of each night to drive a 
rhythmic output that then appears phase locked to 
lights-off (Pittendrigh and Minis, 1964; Pittendrigh, 
1966). Consequently, the phase of such a rhythm 
under T-cycle entrainment would not change with 
T-cycle period (Roenneberg et al., 2005), exactly as we 
observed for Pdf0 mutants. As the activity peak in 
Pdf0 mutants appears to be primarily regulated by E 

Table 5.  Summary of Mann–Whitney U tests to compare 
the E activity peak phases between genotypes under T-cycle 
entrainment.

Genotype/Photoperiod T-Cycle U p-Value

wildtype–Pdf0

8 h
T22 74 <.0001
T24 0.5 <.0001
T26 6.5 <.0001
T28 1 <.0001

wildtype–Pdf0

12 h
T22 62 <.0001
T24 4 <.0001
T26 0 <.0001
T28 0 <.0001
T30 0 <.0001

wildtype–Pdf0

16 h
T22 12 <.0001
T24 6.5 <.0001
T26 0 <.0001
T28 1.5 <.0001
T30 0 <.0001
T32 0 <.0001

perS- Pdf0

12 h
T22 226 .0034
T24 335.5 .3536
T26 193.5 .0075
T28 206 .0611
T30 125.5 .0002
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Figure 4. (continued)
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Figure 4.  PER rhythms in clock neurons of wildtype and Pdf 0 flies. (a) Scatter plots of background corrected nuclear PER intensities in 
clock neurons of wildtype (upper panels) and Pdf 0 mutant (lower panels) flies entrained to T24 and T36. Each open circle represents the 
mean PER staining intensity in a clock neuron group estimated from replicate brains in a sample. The solid line depicts the best-fitting 
COSINE curve obtained by single-component COSINOR analysis. (b) Line plots of mean nuclear PER intensity plotted as a function of 
time after lights-on (h) in clock neurons of wildtype (upper panels) and Pdf 0 (lower panels) flies entrained to T24 and T36. The staining 
intensity represents an average over intensity estimates from replicate brain tissues in a sample. Error bars are Standard Error of Means. 
Abbreviations: PER = PERIOD protein; s-LNvs = small lateral ventral neurons; l-LNvs = large lateral ventral neurons; LNds = lateral dorsal 
neurons; DN1 = dorsal neurons 1; DN3 = dorsal neurons 3.
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Table 6. C ontribution of the 24 h or 32 h periodicity, their statistical significance and timings of peak phases of nuclear PER in clock 
neurons.

PR p-Value

Peak (SE)

PR p-Value

Peak (SE)

  ZT, h ZT, h

  T24 T32

Wildtype
  sLNv 68.81 <.001 3.29 (0.34) 67.67 <.001 31.23 (0.41)
  lLNv 60.18 <.001 3.07 (0.41) 74.00 <.001 28.99 (0.35)
  5th LNv 67.77 <.001 3.34 (0.35) 50.66 <.001 27.83 (0.58)
  LNd 80.71 <.001 3.35 (0.25) 77.94 <.001 28.22 (0.31)
  DN1 84.70 <.001 2.37 (0.21) 85.68 <.001 28.35 (0.23)
  DN3 70.91 <.001 3.40 (0.33) 52.84 <.001 26.27 (0.56)
Pdf0

  sLNv 78.06 <.001 2.97 (0.27) 66.61 <.001 28.87 (0.42)
  lLNv 73.79 <.001 2.15 (0.30) 70.37 <.001 29.13 (0.38)
  5th LNv 72.08 <.001 2.13 (0.31) 56.26 <.001 24.44 (0.52)
  LNd 84.28 <.001 2.13 (0.22) 67.03 <.001 25.16 (0.41)
  DN1 82.34 <.001 1.90 (0.23) 79.73 <.001 28.10 (0.29)
  DN3 64.53 <.001 2.78 (0.38) 21.81 <.001 26.49 (1.12)

Abbreviations: PER = PERIOD protein; PR = percentage rhythm; ZT = zeitgeber Time; sLNvs = small lateral ventral neurons; lLNvs = large 
lateral ventral neurons; LNds = lateral dorsal neurons; DN1 = dorsal neurons 1; DN3 = dorsal neurons 3. The single-component COSINOR 
based method was used to analyse time series of PER staining intensities in individual sub-groups of clock neurons to detect rhythmicity 
and estimate rhythm parameters. The statistic—PR estimates the strength of periodic component being tested in the analysis. The 
COSINOR being a regression-based method; PR is analogues to an R2 value (coefficient of determination) which represents percentage of 
overall variation explained by the fitted model. The p-values are from F-tests for the statistical significance of the period being tested.

neurons, we tested if the phases of E neurons in Pdf 0 
mutants are also locked to the lights-off transition. At 
a 16 h daylength, the activity of Pdf 0 mutants peaked 
about 19 h after the lights-off transition across all T 
cycles (Figure 5b). For PER cycling in the E neurons, 
the phase-locking was less perfect under these condi-
tions: in the 5th LNv and LNds, PER peaked 10.13 h 
after lights-off under T24, and 8.44 h/ 9.16 h after 
lights-off under T32. Since this is only 1 to 1.5 h earlier 
than expected under a perfect phase locking we may 
still regard the E neurons of Pdf 0 mutant as phase 
locked to lights-off, which supports the hypothesis 
that the molecular clocks regulating activity rhythm 
in Pdf 0 mutants behave as hour-glasses. Interestingly, 
the examination of wildtype data showed that 
although activity rhythm did not phase lock to lights-
off, E neurons of wildtype flies showed clear evidence 
for phase locking to the lights-off transition. This 
phase locking appeared even better than that of Pdf 0 
mutants as PER peaked always about 12 h after lights-
off (11.34 h and 11.35 h under T24, 11.83 and 12.22 h 
under T32 in 5th LN and LNds respectively; Figure 
5b). If E neurons in Pdf 0 mutant as well as in wildtype 
flies are phase locked to lights-off transition, it is puz-
zling that the activity rhythm of wildtype flies is not 
phase locked to lights-off. A possible explanation for 
this discrepancy is again the phase-delaying effect 
of PDF on E-neuron activity, which is absent in 
Pdf 0 mutants (Liang et al., 2016, 2017). We therefore 

speculate that despite the phase locking of molecular 
clocks in E neurons to lights-off transition, the E activ-
ity of wild-type flies does not phase lock to lights-off 
due to the additional phase delaying effects of PDF. 
In Pdf 0 mutants, on the other hand, E activity faith-
fully reflects the phase of E neurons that are phase 
locked to lights-off transition.

The phase locking of the E neurons to lights-off 
in Pdf 0 mutants as well as wildtype flies reveals 
an hourglass like behaviour of E neurons. However, 
rhythmic nature of E neurons under DD in the 
absence of PDF (Lin et al., 2004) or s-LNv molecular 
clock (Grima et al., 2004) suggests that the hourglass-
like behaviour of E neurons is unlikely to arise from 
a simple light-driven molecular clock. The Drosophila 
visual photoreceptors are particularly important for 
differential light sensitivity of M and E oscillators 
that allows tracking the changes in photo-period 
(Yoshii et al., 2004; Rieger et al., 2006; Kistenpfennig 
et al., 2018). Perhaps, the photic inputs to E neurons 
from the visual photoreceptors that help flies set the 
phase of evening activity in wake of changes in 
daily photo-period may explain the phase locking of 
E neurons to lights-off transition in our T-cycle 
experiments.

In summary, our results demonstrate that PDF is 
necessary to maintain synchrony among clock neu-
rons under LD cycles like under DD, and to delay 
the phase of E neurons. These results in the light of 
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observations from previous studies show that PDF is 
necessary for appropriate timing of E activity by 
delaying the phases of molecular clock and neural 

activity rhythm of E neurons. Together, our results 
suggest that the PDF is necessary for appropriate 
phase relationship of Drosophila activity rhythms and 

Figure 5.  Phases of PER abundance peaks in clock neurons. Phases of nuclear PER abundance peaks in clock neurons relative to the 
phase of E activity peak in wildtype and Pdf0 flies entrained to T24 and T32. The phases of PER peaks in individual clock neuron groups 
were estimated using single-component COSINOR based method. The phases are expressed in Zeitgeber time (h) units in a, and as time 
elapsed since lights-off transition of the preceding LD cycle (h) in b. Abbreviations: PER = PERIOD protein; s-LNvs = small lateral ventral 
neurons; l-LNvs = large lateral ventral neurons; LNds = lateral dorsal neurons; DN1 = dorsal neurons 1; DN3 = dorsal neurons 3.
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it plays a more complex role than thought before. Our 
analysis also shows that the phase of molecular clock 
in E neurons is set by lights-off transition, revealing a 
distinct entrainment property of E neurons.
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