Significance of activity peaks in fruit flies, Drosophila
melanogaster, under seminatural conditions

Joydeep De®', Vishwanath Varma®’, Soham Saha®, Vasu Sheeba®?, and Vijay Kumar Sharma®?

2Behavioural Neurogenetics Laboratory and PChronobiology Laboratory, Evolutionary and Organismal Biology Unit, Jawaharlal Nehru Centre for Advanced

Scientific Research, Jakkur, Bangalore 560064, India

Edited* by Michael Rosbash, Howard Hughes Medical Institute/Brandeis University, Waltham, MA, and approved April 18, 2013 (received for review

December 6, 2012)

Studies on circadian entrainment have traditionally been performed
under controlled laboratory conditions. Although these studies have
served the purpose of providing a broad framework for our un-
derstanding of regulation of rhythmic behaviors under cyclic con-
ditions, they do not reveal how organisms keep time in nature.
Although a few recent studies have attempted to address this, it is
not yet clear which environmental factors regulate rhythmic behav-
iors in nature and how. Here, we report the results of our studies
aimed at examining (/) whether and how changes in natural light
affect activity/rest rhythm and (i/) what the functional significance
of this rhythmic behavior might be. We found that wild-type strains
of fruit flies, Drosophila melanogaster, display morning (M), after-
noon (A), and evening (E) peaks of activity under seminatural con-
ditions (SN), whereas under constant darkness in otherwise SN, they
exhibited M and E peaks, and under constant light in SN, only the E
peak occurred. Unlike the A peak, which requires exposure to bright
light in the afternoon, light information is dispensable for the M and
E peaks. Visual examination of behaviors suggests that the M peak is
associated with courtship-related locomotor activity and the A peak
is due to an artifact of the experimental protocol and largely circadian
clock independent.
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afternoon peak

he role of circadian clocks in the temporal regulation of

behaviors has been studied mostly under controlled laboratory
conditions (1). Because simplified laboratory protocols are far re-
moved from the reality of nature, these studies are limited in their
ability to reveal the true features of circadian behavior in nature.
For instance, laboratory studies mostly use square waves of one
zeitgeber (time cue) such as light or temperature, or in rare cases,
a combination of the two, quite unlike multiple, simultaneous,
stochastic, and gradually changing factors in nature (2-6). Few re-
cent studies on activity/rest and adult emergence rhythms of fruit
flies, Drosophila melanogaster, under seminatural (SN) conditions
reported significant differences in the patterns of these rhythms
from those observed in the laboratory (2-6). For instance, adult
emergence rhythm was more robust under SN compared with the
laboratory, and even the period null (per”) flies exhibited rhythmicity
(3). An additional afternoon (A) peak of activity was reported un-
der SN (4), which had never been observed in any standard labo-
ratory protocol. Several features of the activity/rest rhythm
(anticipation to twilight transitions and midday siesta) were absent
under SN, and certain features of the rhythm such as crepuscular
pattern and dominance of light over temperature were proposed to
be artifacts of laboratory studies (4). The temporal profiles of
neuronal expression of clock proteins, PERIOD and TIMELESS
were also found to differ between laboratory and nature (6).

At present, the available literature is limited to descriptions of
rhythms in nature (2-4). Vanin et al. (4) showed that phases of
the morning (M) and evening (E) activity peaks are dependent
on the mean daily temperature and that the proportion of flies
displaying A peak increased with increasing mean daytime tem-
perature. In a laboratory-based study under gradually varying
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temperature cycles, the M peak was found to coincide with the
morning temperature rise and the E peak with the evening
temperature fall (7). Although simulated twilight conditions in
the laboratory were able to mimic some features of SN (8), it is
not clear how natural light governs the temporal pattern of ac-
tivity/rest thythm. Moreover, thus far, there has been no attempt
to determine which aspects of light information are crucial for
timing of circadian behaviors in nature.

We aimed at examining how natural light modulates the M, A,
and E peaks of activity in D. melanogaster by modifying light in-
formation under otherwise SN in the following ways: (i) decreasing
amplitude of natural light profile to test for the effect of light in-
tensity, (ii) blocking light at different times of the day to examine
the effect of exposure to different portion(s) of natural light pro-
file, and (iii) providing constant darkness (DD), or constant light
(LL) of different intensities to examine the effects of continuous
presence or absence of light. Thus, only light information was al-
tered in our study, allowing other environmental factors to vary
naturally. We also aimed to study the functional significance of the
three activity peaks by making round-the-clock visual observations
of flies. We asked whether flies needed to be active at these times
of the day to perform certain critical behaviors such as foraging,
searching for mates, courting, and copulating. We scored these
behaviors in flies housed solitarily or in groups, and plotted their
time course in what we call a “chronoethogram.”

Results

Studies were conducted in an experimental enclosure under SN
(3). Based on the light profile (dawn, ~0600 hours; dusk, ~1800
hours), we designated specific intervals of time as morning (M,
0400-1000 hours), afternoon (A, 1000-1600 hours) and evening
(E, 1600-2200 hours). Under SN, activity of wild-type Canton S
(CS) flies (n = 27) had three peaks corresponding to M, A, and E
(henceforth, M, A, and E peaks; Fig. 14, Top Left). Unlike
reported previously (4), we found that flies appeared to “antic-
ipate” dawn (Table S1).

A Peak Is Light Intensity Dependent. To determine how natural
light might influence activity profiles of flies, we subjected them
to SN with altered levels of light while retaining its overall
waveform. We used neutral density filters, which reduce the light
intensity by 50% (SNsg; n = 30), 75% (SN7s; n = 26), or 90%
(SNgg; n = 25) (Fig. 14). When natural light was cut down by
50% or more, dawn anticipation was enhanced [F 4,149y = 16.76,
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Fig. 1.

Activity profiles of CS under SN and various light-modified protocols under SN. (A, Top Left) Activity profile of CS under SN averaged across days and

flies. Error bars are SEM. Three separate axes on extreme right represent three environmental factors measured: light intensity (L) (in lux), temperature (T) (in
degrees Celsius), and relative humidity (H) (in percentage). The black arrowhead on the x axis indicates dawn (>0 lux). (A, Top and Middle) Average activity
profiles when naturally varying light intensity was reduced by 50% (SNso), 75% (SN7s), and 90% (SNgo). Only the amplitude of light waveform was reduced
without alteration in qualitative profile of light. (A, Middle) Average activity profile under DD in otherwise SN (DD+SN). (A, Middle and Bottom) Average
activity profiles under light-blocking protocols: morning cover (MC), afternoon cover (AC), evening cover (EC), and morning-plus-evening cover (MEC). The
shaded horizontal bars below x axis in middle and bottom rows depict durations of light blocking under SN. (B) Phases of the M [F(4,147) = 5.88, P < 0.0002] and
E peaks [F4,143) = 23.03, P < 0.0002] were modulated by light-filtering protocols. The M peak was phase advanced compared with SN (P < 0.05) for the three
partial light-filtering protocols, whereas the E-peak phases did not differ from each other or from SN. (C) Light-blocking protocols also modulated phase of
the M [F(4,133y = 2.75, P=0.03], A [F(4,120) = 5.95, P < 0.001], and E peaks [F(s,153) = 147.89, P < 0.0001]. In B and C, error bars are 95% confidence interval (95%

Cl) to enable visual hypothesis testing.

P < 0.0001; Table S1], the M peak was phase advanced and the
A peak was considerably reduced (Fig. 1 A and B). The de-
pendence of the A peak on light is especially evident by its ab-
sence under DD+SN (Fig. 14, middle row). Unlike the M peak,
there was no detectable change in phase of the E peak under any
light-filtering protocol (Fig. 1 A and B), which suggests that flies
are able to track the drop of light intensity from lower levels as
well. When light was reduced by 50% or more, activity became
distributed mainly in the M and E intervals similar to DD+SN
(Fig. S1B). Thus, intensity of natural light modulates phase of
the M peak and occurrence of the A peak, whereas the E peak
does not depend on light intensity.

A Peak Depends on Afternoon Light, Whereas M Peak Depends on
Morning and Evening Light. Having observed that light intensity is
a major determinant of the A peak, we hypothesized that the M,
A, and E peaks are regulated by natural light during morning,
afternoon, and evening hours, respectively. To test this hypoth-
esis, we blocked natural light from reaching flies at different times
of the day by covering the activity monitors during the morning
[morning cover (MC); n = 24], afternoon [afternoon cover (AC);
n = 26], evening [evening cover (EC); n = 32], or morning-plus-
evening [morning-plus-evening cover (MEC); n = 30; Fig. 14,
middle and bottom rows] intervals. Flies deprived of light in the
morning (MC) showed greater anticipation than SN [Fs 172 =
9.45, P < 0.0001; Fig. 14; Table S1]. Blocking natural light in the
morning (MC) or morning plus evening (MEC) significantly
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advanced the M peak making it similar to DD+SN (Fig. 1 A and
C). The M peak was diminished under AC as well as EC proto-
cols (Fig. 14 and Fig. S1C). The E peak was not affected by MC
or AC (Fig. 1 4 and C, and Fig. S1C). However, absence of light
in the evening (EC: P < 0.0002; MEC: P < 0.0002; and DD+SN:
P < 0.001) advanced the E peak (Fig. 1 4 and C). In fact, the E
peak was advanced under EC and MEC even more than DD+SN
(P < 0.0002; Fig. 1C), suggesting that the E peak coincides with
the fall of light intensity to 0 lux, even when this occurred much
earlier than civil dusk. Although MC and MEC did not change
phase or amplitude of the A peak (Fig. 1 A and C, and Fig. S1C),
AC caused drastic reduction of the A-peak amplitude, suggesting
that this peak is highly dependent on afternoon light. Flies ex-
posed to natural light in the afternoon (SN, MC, EC, and MEC)
were mostly active during the A interval, but when deprived of
afternoon light (AC), their activity became distributed nearly
equally in all of the three intervals (Fig. 14 and Fig. S1D). Thus,
exposure to bright natural light in the afternoon is critical for the
A peak.

A Peak Is an Artifact of Experimental Protocol. It seemed intuitively
less advantageous for flies to be active at a time when they are
under higher risk of desiccation (1). We speculated that flies
seek the midportion of the activity tube (near the IR beam)
during afternoon because this region provides some amount of
shade. To test this, we used a flatter version of the recording
apparatus—Drosophila activity monitor 5 (DAMS)—and provided
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additional shade near the middle zone (see schematic; Fig. 24,
Left). Flies with shade near the IR beam showed significantly
higher afternoon activity compared with the unshaded controls
(Fig. 24, Right). In a separate experiment, we recorded activity of
flies from different regions of the activity tube (near food, middle,
and near cotton plug) in the DAM?2 monitor and found the A
peak to occur under all three cases, albeit with higher amplitude
when activity was recorded close to food, followed by the middle
zone, followed by the zone near the cotton plug (Fig. S24). Thus,
the A peak is greatly influenced by experimental protocol and
location of shade along the activity tube.

Visual Observations of Flies Confirm That the A Peak Is Due to Shade
Seeking. To further test our hypothesis that the A peak seen
under SN may be an artifact of experimental protocol, during
daytime we conducted visual observations of flies placed in the
DAM2 monitors (Materials and Methods). Flies showed higher
preference for the middle zone of the tubes in the afternoon
(Fig. 2B, Left). Locomotion, as determined by visual observations
exhibited only M and E peaks, with a trough in the afternoon
(Fig. 2B, Right). However, DAM2 recording of the same flies
showed a distinct A peak (Fig. 2C), even though flies were ob-
served to be mostly at rest in the afternoon. We propose that the
A peak is predominantly due to flies occupying the zone near the
IR beam, even though they do not exhibit locomotion. We also
conducted another study in which flies were housed in similar
tubes, but the tubes were not placed inside DAM monitors, but
laid flat on a tray in the same SN enclosure. Tubes were either
left unshaded, or shaded near food, in the middle or near the
cotton plug (Fig. S2B, schematic). Visual observations revealed
that flies in tubes shaded in the middle showed an increased
preference for the middle zone in the afternoon, whereas such

A DAMS5 monitor recorded activity

afternoon preference for middle zone was not seen in the un-
shaded tubes (Fig. S2B). Overall, flies preferred the shaded re-
gion of the tubes with the exception of when shade was provided
close to the cotton plug (Fig. S2B). Such preference for shade is
consistent with the results when activity was recorded from dif-
ferent zones of the tube (Fig. S24). We further speculated that,
under SN, the A peak is an artifact of recording flies housed in
narrow glass tubes. To test this, we conducted visual observations
in a larger arena (petri dish) and found that flies display activity
corresponding to the M and E peaks obtained in the DAM
system but were mostly resting in the afternoon (Fig. 2D).

A Peak Is Largely Clock Independent. Thus far, our results suggest
that the A peak is an artifact of the recording protocol; hence it
is unlikely to be circadian clock dependent. However, previous
studies (4) had shown that, like the M and E peaks, the A peak is
also circadian clock modulated, because it is phase advanced in
per’ and per® flies compared with wild-type controls. We exam-
ined the role of clock in the regulation of A peak using two
separate approaches. First, we recorded activity under LL, which
is known to induce behavioral arrhythmicity (9) and disrupt the
underlying molecular clock (10). We subjected flies to 10-, 100-,
or 1000-lux LL in SN [henceforth, LL;p+SN (n = 28); LL;¢0+SN
(n = 21); LL1poo+SN (n = 29), respectively]. The M peak was
abolished in all three LL regimes despite the presence of non-
photic cues (Fig. 34). Similarly, the A peak was not detectable
under any of the LL+SN protocols (Fig. 34), suggesting that this
peak requires natural light in the afternoon.

Second, we assayed activity of per’ flies (n = 16) under SN and
found no difference in phase of the three peaks from their ge-
netic controls (w”]S; Fig. S34). In a separate experiment car-
ried out in February 2013, we assayed the activity of per mutants
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observation. No detectable A peak was observed, but
the M and E peaks persisted [F(11,24) = 2.73, P < 0.03].
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[per® (n = 8), per’ (n > 23), and per” (n > 20)] under SN and DD+
SN (Fig. 3 B-E). Unlike the summer (May to June 2012; Fig. 14),
in this assay (January to February 2013; Fig. 3B) we did not detect
a sharp M peak. The A peak in all three per mutants and their
genetic controls (n > 15) had similar phase and amplitude under
SN (Fig. 3 B and C, and Fig. S3B), which indicates the clock-in-
dependent nature of this peak. Nevertheless, the E peak was
phase delayed in per” flies compared with CS (Fig. 3 B and C),
which suggests that this peak is clock regulated. The amplitude of
E peak was lower in persp and per” flies, which can be attributed to
the reduced overall activity in these flies (Fig. S3C). Although
per’ and per* flies anticipated dawn to a lesser degree, those from
other strains anticipated dawn fairly well albeit to variable extents
(Table S1). Under DD+SN, we observed higher activity in per’
flies throughout the daytime without any clear peak (Fig. 3D and
Fig. S3 D-F) unlike w!!18 which displayed relatively clear M and
E peaks and a small bout of afternoon activity, probably in re-
sponse to high temperature (Fig. 3 D and E). This indicates the
role of clock in modulating activity levels during the warmest time
of day (5); however, this difference is not seen in SN, probably
due to masking effects of light. In summary, although the A-peak
phase appears to be clock independent, presence of clock helps in
the modulation of afternoon activity levels.

Phase of the E Peak Is Light Dependent but in Absence of Light Is
Influenced by Temperature and/or Humidity. The E peak was phase
advanced under all LL+SN protocols, with the exception of

De et al.
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per® and per* did not differ from CS. Error bars in
C and E represent 95% Cl.

LL;p00+SN (Fig. 34 and Fig. S44), indicating that flies with no
access to natural light use temperature and/or humidity to phase
their E peak. Under SN, flies mainly use photic cues to phase
their E peak such that it occurs when light falls to 0 lux. The
LL;o+SN and LL;0+SN experiments were conducted separately
from the others (about 2 wk later), when high humidity persisted
for longer and warm temperature lasted for shorter duration
(Fig. 34, Left and Middle). Under LL;yo+SN, the E peak was
even more delayed compared with the other two LL+SN pro-
tocols (Fig. 34, Right, and Fig. S44), probably because during
this experiment, the rise in humidity and fall in temperature were
more gradual. Under all these protocols, most of the total ac-
tivity occurred during the evening (or late evening in the case of
LL;p00+SN; Fig. S4 A-C). These results suggest that, in nature,
light information is dispensable for the occurrence of the E peak
just as it is for the M peak; presumably, because information
regarding changing temperature and/or humidity is sufficient.

Visual Observations Under SN Reveal Rhythmicity in Courtship and
Locomotion. To assess the functional significance of what is re-
corded as locomotor activity in the DAM monitors, we made
visual observations of several easily scorable behaviors, in groups
of males and females (three males plus three females), housed
together in petri dishes (n = 6 dishes) under SN. Observations
were made in parallel with the activity recordings and assays
described in Fig. 2 B and C. Flies exhibited rhythmicity in loco-
motion with clear trough coinciding with temperature maxima

PNAS | May 28,2013 | vol. 110 | no.22 | 8987

ECOLOGY


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220960110/-/DCSupplemental/pnas.201220960SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220960110/-/DCSupplemental/pnas.201220960SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220960110/-/DCSupplemental/pnas.201220960SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220960110/-/DCSupplemental/pnas.201220960SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220960110/-/DCSupplemental/pnas.201220960SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220960110/-/DCSupplemental/pnas.201220960SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220960110/-/DCSupplemental/pnas.201220960SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220960110/-/DCSupplemental/pnas.201220960SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220960110/-/DCSupplemental/pnas.201220960SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1220960110/-/DCSupplemental/pnas.201220960SI.pdf?targetid=nameddest=SF4

L T

z

1\

BN AS  DNAS P

(Fig. 4, Top Left), and a trough in rest around dawn (Fig. 4, Top
Right). Among the courtship-associated behaviors, males dis-
played daily rhythm in wing expansion and chasing, both peaking
2-4 h after dawn (Fig. 4, Middle Left and Bottom). Although the
highest frequency of copulation occurred around dawn (Fig. 4,
Middle Right), this was not statistically significant, probably due to
the overall low instances of copulation. Thus, we propose that the
M peak is due to courtship-associated activity as corroborated by
visual observation of behavior of grouped and solitary flies.

Discussion

A Peak Is an Artifact of Experimental Paradigm. The A peak was
prominent only when sufficiently bright natural light was available
during warm afternoons. There was little variation in phase of the
A peak among different genotypes and protocols, and it consisted
of several subpeaks that mirrored light intensity spikes during
midday, indicating a direct and instantaneous response to fluctu-
ations in light intensity (Fig. 14). Reduction in natural light below
50% resulted in loss of the A peak (Fig. 14). Similarly, when light
was blocked only during afternoon, the A peak was diminished,
whereas blocking light at other times of day (morning and/or
evening) did not affect the A peak. The A peak can be induced
even in the laboratory by subjecting flies to gradually changing,
high-amplitude light and temperature cycles (4—7). Furthermore,
the effect of blocking morning and/or evening light was not as
severe as blocking afternoon light (Fig. S1D), implying that ex-
posure to natural light during midday induces activity.

We speculated that high afternoon activity is due to harsh en-
vironmental conditions, inducing flies to seek shade near the IR
beam of DAM?2 monitors, yielding abnormally high activity counts.
Most flies were found to be resting when the DAM2 monitor
detected a clear A peak. Consistent with this, flies provided with
additional shade in an alternate version of the DAM monitor
displayed higher activity in the afternoon (DAMS; Fig. 24). Sim-
ilar preference for the shaded portion of the activity tube was
apparent when we made observations on flies in tubes with shade
provided in different regions (Fig. S2B), and upon automated
recording of activity from different zones of the tubes (Fig. S24).
Visual observations of flies whose activity was simultaneously
recorded in the DAM?2 monitors revealed that majority of them

preferred the shaded zone of the activity tube where the IR beam
was located (Fig. 2B). The fact that the A peak is an artifact of
activity recording protocol was further confirmed in our chro-
noethogram study where solitary and grouped flies kept in petri
dishes did not show the A peak (Figs. 2D and 4).

Is the A Peak Clock Dependent? Unlike the findings of previous
studies (4, 5), which reported clear divergence in phase (up to
3 h), we find that the phase of the A peak in per®, per’, and per”
flies did not differ among themselves or from their wild-type
controls, suggesting that this peak is clock independent, or at least
it does not require PER (Fig. 3 B and C). This inconsistency may
be due to differences in experimental protocols and/or in environ-
mental conditions prevailing in tropical and temperate regions;
however, this would require further investigation. Clock indepen-
dence of the A peak in our study is consistent with the notion that,
under SN, afternoons are harsh and therefore flies seek shade to
avoid stress caused due to bright light and high temperature. Our
results clearly suggest that the A peak is an artifact of experimental
paradigm and is neither a natural behavior nor under clock control.
Nevertheless, weaker dawn anticipation in per’ and per* and de-
layed E peak in per” indicate some role of circadian clocks in timing
of the M and E peaks. It is likely that the three peaks of activity
seen under SN are directly driven by environmental factors, and,
therefore, we cannot rule out the subtle effects of circadian clocks
in the regulation of activity peaks.

Chronoethograms Under SN Reveal Behavioral Correlates of Activity
Peaks. We used the approach of obtaining chronoethograms in
which we temporally monitor behaviors such as locomotor ac-
tivity and rest, courtship-related activities such as chasing, wing
expansion, and copulation, which enabled us to assign behavioral
correlates to the three activity peaks. Solitary flies in petri dishes
under SN showed two distinct peaks in locomotion that corre-
sponded with the activity peaks during dawn and dusk (Fig. 2D).
Activity peaks thus obtained were similar to those detected by
automated activity recording (Fig. 2 C and D). Previous studies
in the laboratory had shown that mating (11) and courtship
rhythms (12, 13) are clock controlled with mating frequency being
highest around lights-on (zeitgeber time 3-4) (11). Courtship-
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related activities were found to decline around dusk and remain
high during the rest of the day (12, 13). Based on the chro-
noethograms, we report rhythmicity in courtship-related behav-
iors under SN. These behaviors mostly comprise chasing, wing
expansion, and copulation, which peak around dawn (Fig. 4),
closely resembling previous studies in the laboratory (12, 13). We
propose that the M peak is due to locomotor activity associated
with courtship, whereas the A peak is likely a stress response to
harsh afternoon conditions. The E peak corresponded to general
locomotion to which no specific behavior could be assigned;
hence its significance remains to be established. Although our
inferences on the functional significance of activity peaks are
based on flies living in groups, we propose that activity related to
key behaviors represent innate tendencies that are expressed even
in solitary flies.

Light Modulates the M and E Peaks. The total activity in protocols
with reduced light exposure in terms of intensity or duration was
lower than in all LL+SN protocols and SN (Figs. S1 B and D, and
S4C), indicating that amount of light is crucial in determining
activity levels of flies. Flies exposed to less or no light in the
morning showed advanced M peak coinciding with temperature
troughs and humidity maxima (Fig. 1 A-C). Similarly, in the ab-
sence of light the E peak was synchronized with temperature fall
and humidity rise, although it otherwise occurred immediately
upon light intensity drop (EC, MEC, and SN; Fig. 1 4 and C).
Neither the M nor E peak seemed to depend on light for their
occurrence, although their phases were significantly affected by
light. We found that LL abolished the M peak (Fig. 34), which
suggests that changing light is a prerequisite for the M peak.
However, under DD+SN, a clear M peak was seen (Fig. 14).
Therefore, LL inhibits M peak, even when other time cues are
available. This is consistent with previous findings (14) where
discrete temperature cycles induced strong anticipatory morning
activity in DD but only a small startle in LL. The M peak also
disappeared when flies were deprived of evening light (EC; Fig.
1A4), consistent with the notion that evening light affects the M
peak (15). In fact, the E peak was the most persistent among the
three activity peaks, which suggests that it is least dependent on
light information.

In summary, the A peak appears to be an artifact of the ex-
perimental paradigm, and largely clock independent, although
we find some evidence for clock dependence and light modula-
tion of M and E peaks. Chronoethograms reflected that the M
peak is due to courtship-related activities and the A peak is likely
to be a stress response to harsh conditions in the afternoon. We
speculate that the E peak is associated with foraging-related
behavior, although this needs to be verified. Thus, light deter-
mines the A peak and modulates morning and evening activity,
each of which has distinct functional significance to fly behavior.
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Materials and Methods

Detailed methods are provided in S/ Text. Most assays were done on virgin
male CS flies (unless specified) of age 3-4 d. Mutants of the circadian gene
period (per®, per®, and per') and their genetic controls (w'’’® and CS) were
also used. The activity recordings and behavioral assays were done in June to
July 2012 and January to February 2013 in an outdoor enclosure (3). Loco-
motor activity was recorded using DAM2 system unless specified. The daily
profiles of light, temperature, and humidity were monitored simultaneously
using DEnM (Trikinetics). For all light modification protocols, light-tight
metal boxes were used. For light-filtering experiments, monitors were cov-
ered with neutral density filters (Lee Filters) such that light intensity was
reduced by 90% (SNoo), 75% (SN;5), and 50% (SNsp). For light-blocking
experiments, activity monitors in SN were covered during morning (MC:
0400-1000 hours), afternoon (AC: 1000-1600 hours), evening (EC: 1600-2200
hours), and morning plus evening (MEC: 0400-1000 and 1600-2200 hours).

Visual Observations of Behaviors Under SN. Tubes. Identical to conventional
DAM2 recording of single fly activity, except that, additionally, location of fly
(near food, middle, or cotton plug) and locomotion were manually recorded
every 2 h (in case of the shaded-tube assay) or every 1 h (in parallel to re-
cording in DAM2 monitors).

Petri dishes. Solitary males or groups of three males and three females were
housed in each petri dish with a thin layer of fly food (n = 6 petri dishes for
both). Instances of locomotion, rest, wing expansion, chasing, and copula-
tion were recorded manually by visual scanning in 2-h intervals.

Statistical Analyses. An interval (M, A, or E) was considered to have a peak
based on qualitative assessment of the activity profiles (15-min bin) averaged
across flies and days of recording. Phases of M, A, and E peaks were estimated
by scanning 7-d average activity records of each fly, and identifying that time
point corresponding to the highest activity counts observed within that in-
terval. In the afternoon, when there are multiple peaks, the peak closest to
the maximum light and temperature was considered, and its phase and
amplitude were calculated. The mean phase and amplitude for each peak was
obtained for the total number of flies from each genotype and each protocol.
The data from each fly was subjected to one-way analysis of variance
(ANOVA) to test for the effect of protocol or genotype, for phase, amplitude
of activity peaks, and activity levels. Post hoc multiple comparisons were
performed using Tukey’s honestly significant difference test. P < 0.05 was
considered as level of statistical significance for all analyses. Dawn antici-
pation index was estimated as the ratio of activity counts for 3-h duration
before dawn (the time point when the light intensity value first rose above
0 lux) over activity counts for 6-h duration before dawn (16). To test for the
time-of-day effects, two-way ANOVA on activity counts in different intervals
under different protocols was followed by post hoc multiple comparisons
using Tukey’s test. For chronoethogram assay, proportion of flies showing
each behavior at each scan was taken as the basic unit of data. One-way
ANOVA was carried out on mating-related movement and on general lo-
comotion to test for time-of-day effects.
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