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Summary

Circadian clocks are thought to confer adaptive advantage to organisms by appropriately
scheduling behaviours in accordance with environmental conditions, and it is this feature of the
clock (¥, phase of entrainment) that is under the purview of natural selection (Vaze and
Sharma, 2013). Laboratory selection on different phases of behaviour and subsequent
examination of the correlated responses of various clock properties is therefore likely to reveal
genetic correlations between such clock properties and the phasing of rhythmic behaviours,
and the manner in which they do so. This we think will enable us to understand the manner in
which circadian clocks evolve to serve their adaptive functions. In this regard we initiated a
long-term laboratory selection experiment wherein flies from four large, outbred populations
of Drosophila melanogaster were selected for morning and evening emergence (Kumar et al.,
2007). Along with a direct response in terms of increased emergence during morning and
evening hours in the ‘early’ and ‘late’ populations respectively, correlated responses in many
other clock properties were observed. The period (1) of the ‘early’ and ‘late’ populations were
shorter and longer than the ‘control’ populations respectively for both the activity-rest and
eclosion rhythms, and the phase-shift responses to light pulses for eclosion rhythm among the
populations were also different (Kumar et al., 2007), and later studies showed that other clock
properties such as zeitgeber (cyclic environmental signal, such as light-dark cycles) sensitivity
over prolonged durations, oscillator amplitude, and inter-oscillator coupling were different in
these populations as a result of selection on delayed ¥ of emergence (Vaze et al., 2012a; Nikhil

et al., 2016a).



Differences in the area under the phase response curve (PRC; a plot of phase-shift due to a
single perturbation of the clock by zeitgeber pulses) between the populations indicated that
continuous effects of light on the clocks of ‘early’ and ‘late’ populations may have also evolved
(Nikhil et al., 2016a). Based on these results we hypothesized that differences in clock period
lability (area of an abstract period space within which each period can be stably assumed by
individuals of the population) in these populations may have evolved to facilitate differences in
such continuous effects of light. In order to examine this, we carried out several experiments
that are described in my thesis. These experiments include estimation of day-to-day variation
in T (precision) and magnitude of change in T brought about by changes in environmental
conditions, because these are surrogate measures of period stability within and across regimes
and may provide evidence for evolved period lability if at all. Results of the experiments are

briefly described in the following sections.

Stability of period across different ambient temperatures

A long-term recording of the activity-rest behaviour of the ‘early’, ‘control’ and ‘late’
populations was carried out under different ambient temperatures in constant darkness. The
‘late’ populations showed a greater magnitude of change in t across different ambient
temperatures as compared to the ‘early’ and ‘control’ populations, and showed a higher
precision at 25 °C and 28 °C, but not at 18 °C. This was found to be due to a greater change in
clock precision in the ‘late’ populations across different temperatures and was found to be

significantly reduced at 18 °C. Therefore, the results of this chapter indicate that the ‘late’



populations have evolved greater period lability, and possibly increased temperature sensitivity

as compared to the ‘early’ and ‘control’ populations.

After-effects of T-cycles on the t of the activity-rest rhythm

History-dependent changes in the t of the activity-rest rhythm due to entrainment to different
T-cycles (T is the period of the zeitgeber) is known as after-effects and has been documented in
many diurnal and nocturnal organisms (Pittendrigh and Daan, 1976b). Circadian clocks with
greater lability in T are expected to be greatly affected by the entraining T-cycles, and would
perhaps show greater after-effects post-entrainment to these novel conditions. The difference
in T following entrainment to, and prior to the entraining T-cycles was used to estimate after-
effects and it was found that exposure to T30 temperature cycles alone had significant after-
effects on the ‘late’ populations, whereas exposure to any of the LD (Light-Dark) and other TC
(Thermophase-Cryophase) cycles did not elicit after-effects in any of the study populations.
Studies on after-effects have shown that following exposure to T-cycles there is a change in T,
but the organism gradually moves to its steady-state t over a period of time (Pittendrigh and
Daan, 1976b). Therefore, another estimate of after-effects, the rate of regression of T to its

steady-state value, could perhaps highlight after-effects in the study populations.

Developmental plasticity

Results in my thesis so far suggest higher plasticity of period in the ‘late’ populations when
subjected to various environmental conditions as adults. Although the plasticity of circadian

clocks during pre-adult development has not been as well studied as the plasticity of the clock



in adults, it can be argued that since clocks in the pre-adult conditions are sensitive to
environmental factors they could also show similar responses as seen in the adults. The effect
of rearing under different LD and TC T-cycles on the t and precision of the ‘early’, ‘control’ and
‘late’ populations was estimated to ascertain the extent of developmental plasticity in these
populations. It was found that neither LD nor TC T-cycles had any effect on inter-population
differences in period and precision. Therefore, although there could possibly be an increase in
period lability of circadian clocks in the ‘late’ populations in the adult stage, this does not

manifest when exposed to such conditions during pre-adult development.

In summary, the results of my thesis provides evidence for differences in the period lability in
the ‘late’ populations as compared to the ‘early’ and ‘control’ populations, which seems to be

apparent only in the adult stage.



Chapter 1

Introduction

Life forms on earth are believed to have evolved circadian (~24-h) clocks to facilitate optimal
timing of behaviours so as to anticipate and avoid harsh environmental conditions, predators or
competitors, procure food and mate, all of which are likely to be advantageous to the focal
organism in terms of survival and reproduction, and will therefore enhance their fitness (Vaze

and Sharma, 2013).

Rotation of the earth about its axis drives periodic changes in environmental factors such as
light and temperature, and entrainment is the process by which circadian rhythms synchronize
to such cyclic times-cues in the environment (zeitgebers) so as to (a) match the clock period (1)
and period of the external cycle (T), and (b) maintain a stable and reproducible phase-
relationship with the zeitgeber cycle (Yenr; Johnson et al., 2003). There are two schools of
thought which propound different mechanisms through which circadian entrainment could be
realized: the discrete, phasic or non-parametric model, and the continuous, tonic or parametric
model (Johnson et al., 2003). The non-parametric model postulates that the entraining stimuli
induce time-of-day dependent instantaneous phase-shifts in the clock so as to compensate for
the mismatch between tand T, thereby enabling entrainment (Pittendrigh and Daan, 1976a).
This model stemmed from the early discovery of PRCs, which are plots of phase-shifts as a
function of phase of the rhythm at which the organisms were exposed to the perturbing

stimulus (Pittendrigh, 1981; Johnson et al., 2003). The predictions of the non-parametric model



seem to hold good under many scenarios and in many organisms, indicating that this could be
the prevalent mechanism through which circadian clocks entrain to environmental cycles of
light and darkness (LD; Johnson et al., 2003). The parametric model of entrainment on the
other hand assumes that light has a continuous or tonic effect on the circadian clocks, rather
than the instantaneous discrete effect as suggested in the non-parametric model (Johnson et
al., 2003). It proposes that tonic/continuous effect of zeitgebers would change the t such that
it matches T thereby driving entrainment (Johnson et al., 2003), and has found evidence in
some burrow-dwelling organisms (Aschoff, 1960; 1981; Johnson et al., 2003). Beersma et al
(1999) proposed that circadian clocks of most organisms would entrain more stably when they
use both non-parametric and parametric mechanisms in conjunction thereby indicating that in
the wild, use of both mechanisms may be molded by natural selection to give rise to

appropriate Yeyr (Daan, 2000).

Circadian clocks as a network of coupled oscillators

Circadian rhythms were initially conceptualized to stem from a single core clock/oscillator
responsible for governing all the properties of the circadian rhythms, and modelling circadian
clocks in this fashion has been useful in understanding circadian entrainment (Wever, 1965;
Pavlidis, 1978; Kronauer et al., 1982). However, modelling circadian clocks as a single oscillator
has not been able to successfully explain multiple experimental data from a range of studies.
For instance, it was observed that the locomotor activity rhythm of nocturnal rodents when
studied under constant light (LL) show ‘splitting’, wherein the activity bout splits into two

individual components which free-run initially with different periods until they are out of phase
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by 180°, and then continued to free-run with similar periodicities. Based on this, Pittendrigh
and Daan (1976b) proposed that circadian clocks comprise two oscillators, each having its own
T, thereby laying down the foundation for studies that modelled circadian clocks as a network
of two coupled oscillators, where the emergent t of the rhythm was also dependent upon the
extent of coupling between the oscillators (Daan and Berde, 1978). Based on the dual-oscillator
model, it was predicted that under LD, each of the two oscillators would be phase-locked with
lights-ON and OFF respectively, and the extent of coupling between the two would determine
the rate of regression of their periods back to the original values when they are released in DD,
thereby explaining the basis for after-effects (history dependence of the entraining stimulus on
7; Daan and Berde, 1978) observed in certain experimental scenarios. It was predicted that if
the coupling between the oscillators is strong, the oscillators would synchronize (and attain a
steady state phase-relationship with respect to each other) immediately after release into
constant conditions, thereby exhibiting a steady-state T almost immediately. If, however, the
coupling between the oscillators is weak, it would take a while for the clock to achieve a steady-
state T and the rhythm would exhibit transient cycles, or after-effects of the previous
environmental conditions. Empirical evidence demonstrating the transient behaviour supports
the notion that circadian clocks are a network of oscillators, and that the differences in coupling
between the constituent oscillators could possibly bring about differences in the transients that

are seen (Berde, 1976; Pittendrigh and Daan, 1976b; Daan and Berde, 1978).

Apart from a dual oscillatory architecture, one could possibly imagine a scenario where

circadian clocks comprise not just two predominant oscillatory constituents, but a network of a



large number of oscillators, each with an inherent t and amplitude (Pavlidis, 1978). Indeed in
mammals and a few higher organisms, the master clock comprises several thousands of
neurons, each of which is capable of acting independently to determine the final output of the
clock. For example, the Suprachiasmatic Nucleus (SCN) of mammals comprises a network of
~20,000 neurons, each one of them being an independent oscillator which is coupled with
others, and together this network serves as a platform to examine the effect of inter-oscillator
coupling on the output of the network (Welsh et al., 2010). Theoretical studies have examined
the consequences of differences in the strength of coupling based on the SCN, and these have
been validated to some extent by experiments where the period and phase of the molecular
rhythm were studied both in vivo and in vitro (Indic et al., 2002 and citations therein; Abraham
et al,, 2010). ltis believed that coupling between constituent oscillators is mediated through
neuropeptides and gap junctions (Tokuda et al., 2015). Among the well-studied
neurotransmitters which possibly act as coupling agents between the constituent SCN
oscillators are VIP (Vasoactive-Intestinal Peptide) and GABA (gamma amino butyric acid)
(reviewed in Welsh et al., 2010). Mutant mice lacking VIP show weak behavioural rhythms
often with multiple periodicities (Colwell et al., 2003; Aton et al., 2005), but daily application of
VIP agonist was able to restore synchrony among the constituent SCN oscillators (Aton et al.,
2005). Neonatal SCN from VIP knockout mice exhibit reduced synchrony of neuronal spike-
frequency rhythm (Aton et al., 2005), and when the circadian gene expression in neurons and
networks in VIP deficient mice was studied, it was found that the loss of VIP is correlated with
reduced synchrony in the network (Ciarleglio et al., 2009). Although GABA is known to

primarily have an inhibitory function on SCN neurons, its role has also been implicated in



excitatory functions, which mediate synchronization of circadian neurons (reviewed in Welsh et
al., 2010). Coupling between neurons can also be mediated through metabolites, synapses, or
gap junctions, and the final output of circadian clocks is greatly dependent on the coupling
agents and the nature of synchronization/coupling they bring about, which may include mean
field coupling, diffusive coupling, or both (Welsh et al., 2010). Similarly, in Drosophila, the core
circadian clock is believed to be located in the brain, and comprise two main groups of cells, the
dorsal neurons and the lateral neurons, and the neuropeptide pigment dispersing factor (PDF)
is known to couple the neuronal subsets driving circadian behaviors, as lack of PDF leads to
behavioral arrhythmicity in constant darkness possibly due to mutual desynchronization of
constituent oscillators (Helfrich-Foster, 2005). Thus, it appears that the Drosophila circadian
clock architecture is similar to mammals, and it also comprises a network of coupled oscillators
that in unison function to regulate rhythmic output.

In summary, circadian clocks can be conceived of as a network of oscillators, with each
constituent oscillator having different period and amplitude, the final output of the clock and
several of its properties being dependent on the level and type of coupling between these
neurons (Bordyugov et al., 2011; Tokuda et al., 2015). Theoretical studies have predicted the
characteristics of circadian clocks with different types and levels of coupling, and this has been
validated to some extent by empirical studies on mammalian pacemaker neurons. There is,
however, a paucity of studies on this topic when it comes to Drosophila, which could be viewed
as an excellent model organism to study circadian behaviors. Progression of work concerning

the circadian oscillator network and its properties will enable us to better understand the



manner in which circadian clocks carry out their most important and ecologically relevant
function, which is to synchronize rhythmic behaviors with the cyclic environment.

Motivation for the current study

As discussed previously, circadian clocks are believed to have evolved as adaptations to enable
organisms to schedule functionally relevant behaviours at favorable times of the day, thereby
facilitating enhanced survival and reproduction (Cloudsley-Thompson, 1960; Vaze and Sharma,
2013). Therefore, it is intuitive that natural selection may act on the timing of behaviors and
this may result in the evolution of key circadian clock properties such as t, intrinsic oscillator
amplitude and zeitgeber sensitivity (Daan and Aschoff, 2001). An example of the role of
circadian clocks in restricting rhythmic behaviours to ecologically relevant phases can be drawn
from the adult emergence rhythm in Drosophila, where emergence is restricted to early
morning hours presumably to avoid conditions of high temperature and low humidity later in
the day (Pittendrigh, 1993). The activity/rest rhythm in D. melanogaster under 12:12-h LD
cycles is bimodal with peaks close to dawn and dusk, and is believed to reflect food
procurement and courtship related behaviors (De et al., 2013). The two peaks are interrupted
by a period of quiescence during the afternoon which is believed to have evolved to facilitate
avoidance of harsh temperatures prevalent during the mid-day (Pittendrigh, 1993).
Appropriate phasing of behaviors, therefore, appears to be extremely important to organisms,
and the study of circadian clock properties that might govern phasing of rhythmic behaviors

might provide insights into the manner in which circadian clocks have evolved.
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Laboratory selection studies have contributed to an understanding of the evolution of various
phenotypes, and the selection pressures acting upon them to give rise to the said phenotypes
(Garland and Rose, 2009). Carrying out laboratory selection on timing of behaviors may

therefore, help us determine the selection pressures governing that behavior, circadian clock

properties that evolve in response to them, and the manner in which they do so.

In this regard, there are a few studies which selected for different timing of emergence in
Drosophila and other insects, and assessed the direct and correlated responses to the imposed
selection pressures on circadian clock properties. In one such study, selection for ‘early’ and
‘late’” emergence was carried out on D. pseudoobscura and Pectinophora gossypiella strains.
After 50 generations of selection, although emergence during the selection windows showed an
increase, early strains were found to have longer period as compared to late strains, and the
light-induced PRCs of the two selected lines did not differ (Pittendrigh, 1967). Selection on P.
gossypiella also yielded similar results (Pittendrigh and Minis, 1971), however, these results
cannot be completely relied upon since details of selection protocol and experimental design
are not available in any of these studies, and hence interpretations from such studies are
limited by the lack of details pertaining to selection regime, replicates and population size
induced random genetic drift (Vaze and Sharma, 2013). Another study attempted to estimate
the differences in the responses to selection for early and late emergence in lab-reared and
wild-caught strains of Drosophila (Oregon-R and W2 strains, respectively; Clayton and Paietta,
1972). The study revealed that the lab-reared strains respond with greater percentage of flies

emerging during the selection windows and interpreted this as a reduction in variability in the
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wild-caught flies due to strong selection pressures in nature, ignoring the fact that the wild-
caught strains were being assayed under novel conditions, and could show effects of linkage
disequilibrium. However, this study did not examine the correlated responses in other traits
that may characterize or govern clock properties such as period of circadian rhythms (Clayton

and Paietta, 1972).

Although several studies have attempted to address the role of circadian clocks in determining
the phase of adult emergence, they are fraught with limitations such as lack of population level
replicates, use of small population sizes and inbred lines, and studies being carried out on
populations which were freshly caught from the wild without allowing for the effects of linkage
disequilibrium to dissipate. Most studies do not provide the details of the selection protocol
used, thus making it difficult to arrive at any firm conclusion on whether the observed
responses were due to the imposed selection pressures alone, or due to other factors such as

random genetic drift or linkage disequilibrium (Vaze and Sharma, 2013).

In order to study the consequence of selection on the phase of emergence, and to understand
the underlying circadian clock properties governing this, we initiated a long-term laboratory
selection study on populations of D. melanogaster by subjecting them to selection for different
timing of adult emergence and by examining correlated evolution of circadian clock properties,
accounting for most limitations of the previous studies. We initiated these selection lines
ensuring that they were large, outbred populations (adult density of about 1200-1500 flies with
roughly equal number of males and females) with four replicate blocks that were

reproductively isolated from each other, ensuring population level replication. Any correlations
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between circadian clock properties that will be seen would most likely be due to the selection
on timing of adult emergence, due to the elimination of the confounding factors that the
previous studies entail. The methods utilized in population maintenance, assaying behaviours,
statistical analyses, results of selection on timing of emergence, and the motivation for this

study are discussed in the following sections.

Fly population maintenance and selection protocol

Four replicates each of ‘early’ (early;-;.4), and ‘late’ (late - 1. 4) populations were initiated from
four replicate large outbred ancestral stocks (control;- ;. 4). These ‘control’ populations were
maintained independent of each other for at least 700 generations before the initiation of the
‘early’ and ‘late’ populations (Kumar et al., 2007). Every generation, ~300 eggs were collected,
dispensed into glass vials and reared in cubicles maintained at constant temperature (25 + 0.5
°C; mean * SD) and relative humidity (75 * 5%) under alternating 12:12-h light/dark cycles (LD).
The morning and evening selection windows, from which ‘early’ and ‘late’ populations were
collected, comprised 4-h durations each, ZT21-01 (Zeitgeber Time; morning window) and ZT09-
13 (evening window; where ZT0O is lights-ON and ZT12 is lights-OFF). In order to select for
‘early’ populations, flies that had emerged prior to the morning selection window were
discarded and, those that emerged during the morning window were collected and maintained
in plexi-glass cages. Similarly, for ‘late’ populations, flies emerging during the evening window
were selected after discarding those that emerged at other times of the day. Flies emerging
during the selection windows for the first four days formed the breeding adults for the next

generation. The breeding adults for ‘control’ populations comprised flies emerging during the
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first four days of emergence. Therefore, ‘control’ populations were not under any conscious
selection pressure for timing of emergence. All populations were maintained as independent
breeding entities in plexi-glass cages (25 x 20 x 15 cm’) on a 21-day generation cycle with no
gene flow between them, with each population comprising 1200-1500 adult individuals and sex
ratio close to 1. The populations were provided with Banana-Jaggery (BJ) medium in a Petri-
dish, which was replenished every alternate day. For the initiation of next generation, flies
from the study populations were provided with yeast paste for 3-days followed by a fresh plate
of food to lay eggs on the 21° day and from this plate, ~300 eggs were collected and dispensed
into glass vials (1.5 cm diameter x 19 cm height) containing ~6 ml BJ medium. Twenty-four, 16
and 48 such vials were used every generation for each of the four ‘early’, ‘control’ and ‘late’

populations, respectively.

Standardization of selected populations:

It is known that non-genetic factors such as altered physiology of the parents due to
environmental conditions that they experience, or maternal effects can influence the
phenotypes of their progeny (Vaze and Sharma, 2013). At least one generation of common
rearing for the selected populations is known to eliminate such non-genetic parental effects.
Therefore, all populations were subjected to a common rearing condition for one generation.
This was achieved by relaxing selection and collecting adults emerging throughout the day
(similar to the ‘controls’) to make the required population size of 1200-1500 adults for both
‘early’ and ‘late’ populations; and are henceforth referred to as the ‘standardized’ populations.

All experiments were performed on the progeny of standardized populations.

14



Activity/rest rhythm assays

Since majority of the assays discussed in this thesis involves activity/rest recording, | will briefly
discuss here the basic protocol common for all the assays, and details pertaining to minor

differences in the assay protocols will be described in the respective chapters.

Activity/rest rhythm assay on individuals from the different populations was carried out on 3-4
day old virgin flies (n = 32/population/block). Recording was done in 5-min bins in individual
locomotor activity tubes containing sucrose-yeast media using Drosophila activity monitor
system (Trikinetics, Waltham, MA). The phase of activity offset was determined for every
individual over the duration of recording using CLOCKLAB (Actimetrics, Evanston, IL) and this
was used to calculate day-wise period (duration between two consecutive offsets). Day-wise
period was used to estimate precision of period (inverse of standard deviation of day-to-day
period). The period and precision values were calculated over multiple age windows of 5-days

each for the entire duration of recording.

To test for significant differences among the populations, mean period and precision during
each of the age windows was estimated for all the four replicate blocks of selection lines and
analyzed using a mixed model repeated measures Analysis of Variance (ANOVA) with

population and age-window as fixed, and block as random factors.

Results thus far

Following several generations of selection, the proportion of flies emerging during the morning

and evening selection windows increased for the ‘early’ and ‘late’ populations as compared to
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the ‘control’ populations (Kumar et al., 2007). The period of their circadian rhythms was also
found to have changed, with the period of the ‘early’ and ‘late’ populations being significantly
shorter and longer respectively than the ‘controls’ for both adult emergence and activity/rest

rhythms (Kumar et al., 2007).

The laboratory conditions in which the study populations are reared ensured that the only
cyclic time-cue experienced by these populations is light, and it was under LD conditions that
the adult emergence behaviour was assayed. Therefore, the differences in emergence reported
by Kumar et al (2007) were under the influence of light as the solitary zeitgeber. Natural
conditions present a myriad of zeitgebers such as light, temperature and humidity, all of which
gradually change in their intensity across the day. To test if the emergence chronotypes of the
‘early’ and ‘late’ flies persist even under natural conditions, the adult emergence rhythm was
assayed in nature and the differences were found to be considerably enhanced under these
conditions (Vaze et al., 2012b). To understand the role of temperature and light in mediating
the enhanced differences in emergence chronotypes, adult emergence rhythm was assayed
under conditions of in-phase and out-of-phase light and temperature cycles. The study
revealed that light had a delaying effect on the phase of the rhythm and increased the gate-
width of emergence (the duration of the day during which adults emerge) whereas
temperature advanced the phase of the rhythm and reduced the gate-width, thus highlighting
the complex interplay between light and temperature in driving the observed difference in

emergence chronotypes in nature (Nikhil et al., 2014). These results suggest the evolution of a
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fundamental property of circadian clocks in response to selection on timing of emergence that

may be common to light and temperature entrainment.

Furthermore, the ‘early’ and ‘late’ populations were found to utilize light for different durations
during different parts of the day to entrain their emergence rhythms to LD cycles (Vaze et al.,
2012a). A skeleton photoperiod comprising two brief light pulses of 15-min each, one given
during the dark to light transition and the other during the light to dark transition to mimic
dawn and dusk was unable to mimic the emergence waveforms of the study populations under
complete photoperiod, suggesting that longer durations of light might be needed for
entrainment of adult emergence rhythm in these populations. These results indicate a possible
difference in phase dependent light sensitivity between the two populations, and are indicative
of a difference in the circadian photosensitivity in these populations. A recent study by Nikhil
et al (2016a) revealed that when assayed under constant dim light condition (LL), the ‘late’
populations show a higher incidence of arrhythmicity as compared to the ‘early’ and ‘control’
populations, further indicating that the ‘late’ populations could have evolved higher
photosensitivity. Intriguingly, the three populations did not differ in the magnitude of light-
induced phase-shifts even across multiple light intensities (Dose Response Curve; Nikhil et al.,
2016a). Assay of activity/rest rhythm under phase-shifted LD cycles revealed that the ‘late’
populations take significantly longer to re-entrain as compared to the ‘early’ and ‘control’
populations, indicating that ‘late’ populations have evolved reduced re-entrainment rate as
compared to the ‘early’ and ‘control’ populations (Nikhil et al., 2016a). The DRC and re-

entrainment rate studies failed to support the hypothesized increase in photosensitivity in the
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‘late’ populations. However, the ‘late’ populations were found to exhibit a wider range of
entrainment (they can entrain to LD cycles of periods deviating from 24-h). Therefore, it was
hypothesized that higher incidence of behavioral arrhythmicity in ‘late’ populations might not
be due to higher photo-sensitivity but due to lower inter-oscillator coupling, and since coupling
is known to influence the period of the oscillator network (Abraham et al., 2010), weaker
coupling in the ‘late’ populations might further facilitate wider range of entrainment. Weakly
coupled oscillators are known to exhibit large magnitude phase-shifts and consequently faster
re-entrainment to phase-shifted zeitgeber cycles (Abraham et al., 2010). However, this holds
true only within the realms of the non-parametric model of entrainment, and based on the
lower re-entrainment rate and lack of difference in dose responses between the populations, it
was speculated that the phenotypes of the ‘early’ and ‘late’ populations might stem from
differences in the tonic responses to light in these populations. As preliminary support for this,
Nikhil et al (2016a) analyzed the area under the curve of the PRC as a proxy measure of the
integrated effect of light over longer durations (parametric model of entrainment), and it was
observed that the area under the PRC of the delay zone was significantly higher in the ‘late’
populations as compared to the ‘early’ populations suggesting that these populations differ in
their ability to integrate light over longer durations. In summary, the results so far indicate that
the ‘late’ populations could differ from the ‘early’ and ‘control’ populations in terms of their
intrinsic oscillator amplitude, circadian photosensitivity to prolonged durations of light, and

possibly inter-oscillator coupling.
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In this thesis, | intend to study how the above mentioned differences between the circadian
clocks of the ‘early’ and ‘late’ populations influence two aspects of the activity-rest behaviour,
a) the ability to ensure constancy in period across days (precision), and b) stability of period
across multiple environments involving light and temperature changes. These properties would
in general help us assess the manner in which oscillator amplitude, coupling and zeitgeber
sensitivity differences are related to the stability of the circadian clock network. |aim to study
short and long-term stability of period in the ‘early’ and ‘late’ populations. As discussed
previously, the ability to resist changes in period and to accurately predict local time are
essential features of the circadian clock. The ability of circadian clocks to entrain to different 7-
cycles is mediated by the above-mentioned factors such as inter-oscillator coupling and ability
to integrate light over longer durations, and these factors also determine the extent to which
circadian clocks are modulated by zeitgebers. In order to probe the extent to which zeitgebers
affect clocks, the current study estimates period and precision of the activity/rest rhythm after
being subjected to T-cycles of LD and thermophase/cryophase (TC), either at the pre-adult
stage, or at the adult stage. Studying period changes after exposure to such cycles would
enable us to estimate the extent to which circadian clocks are affected by these zeitgebers, and
precision would determine the day-to-day stability of T upon being exposed to zeitgebers, and
both these measures combine to give us an understanding of the stability of the circadian clock.
T-cycles that are far removed from 24-h provide ideal conditions to test for the effect of
zeitgebers on circadian clocks as the ability of the clocks to entrain to these conditions will be
determined by differences in the previously discussed circadian clock properties, and will reflect

differences in those properties. Indeed, Nikhil et al (2016a) showed that differences in
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entrainability were pronounced when the ‘early’, ‘control’ and ‘late’ populations were
subjected to different LD T-cycles. Therefore, a study of these properties following entrainment

to T-cycles would be informative.

Therefore, by employing LD and TC T-cycles at pre-adult and adult stages, and different ambient
temperatures at the adult stage, this study would attempt to estimate the stability of clock
period and the possible mechanisms which govern it in the ‘early’, ‘control’ and ‘late’

populations.
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Chapter 2

Introduction

Circadian clocks are a network of oscillators which generate rhythms with ~24-h periodicities,
and one of its essential features is the ability to actively compensate for changes in period (1)
brought about by change in ambient temperature, a phenomenon known as temperature
compensation (Pittendrigh, 1954; 1993). The effect of temperature on circadian clocks was
initially documented by Kalmus (1935), but a comprehensive and systematic study on the effect
of different ambient temperatures on Drosophila circadian clocks was undertaken much later
by Pittendrigh (1954), who found that although change in the ambient temperature brings
about an immediate change in the phase of the circadian rhythm, its T remains largely
unaffected (temperature compensated) as assessed by the Q¢ value (ratio of T before and after
10 °C increase in temperature), which for the Drosophila eclosion clock was found to be 1.02
(Pittendrigh, 1954). Subsequently it was shown that circadian clocks are not temperature
insensitive but actively compensate for changes in t caused by increase/decrease in
temperature (Hastings and Sweeney, 1957). Given that t of circadian clocks is an aspect of the
clock output that is altered to some extent by temperature change, the stability (reduced day-
to-day variation in T and increased ability of the clock to resist changes in T brought about by
changes in environmental conditions; see chapter 1) of tis a feature that can be investigated
under different ambient temperatures. Synchrony between constituent circadian oscillators is

thought to be brought about through neurotransmitters such as PDF in Drosophila (Shafer and
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Yao, 2014) and VIP in mammals (Aton et al., 2005; Ciarleglio et al., 2009), and it is possible that
the levels of these coupling factors in the circadian oscillator network, or their effectiveness
could be affected by change in ambient temperature. This is expected to affect the synchrony

of the oscillator network and therefore in turn would alter its output.

A previous study on the ‘early’ and ‘late’ populations of fruit flies Drosophila melanogaster has
led to the hypothesis that the ‘late’ populations might have evolved higher t lability (area of an
abstract period space within which each period can be stably assumed by individuals of the
population) possibly due to weaker coupling in their circadian clock network (Nikhil et al.,
2016a). Also, the ‘late’ populations were reported to exhibit higher accuracy (lower day-to-day
variation in the entrained phases) of entrainment for both activity-rest and adult emergence
rhythms across multiple environmental conditions (Nikhil et al., 2015). Moreover, this
increased accuracy does not appear to stem from inherently more precise circadian clocks in
the ‘late’ populations (Nikhil et al., 2015). However, the precision of circadian rhythms in this
study was assessed only during the first few days of transfer from LD (Light-Dark cycles) to DD
(Constant darkness), and therefore, the observed lack of difference in precision might be due to
the after-effect of exposure to LD cycles. Therefore, a long-term assessment of precision would
be ideal to examine if ‘late’ populations have indeed evolved higher precision of circadian

clocks that may contribute to the stability of t.

In order to assess the stability of T across age and ambient temperatures, we performed long-
term recordings of the activity-rest rhythm in flies from the ‘early’, ‘control’ and ‘late’

populations under three ambient temperatures vis-a-vis 18, 25 and 28 °C, and assessed period,
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precision and temperature compensation abilities of these populations with the hypothesis that

the ‘late’ populations may have evolved higher period lability.

Materials and methods

Activity/rest assay

Flies from the three sets of populations were reared under 12:12-h LD cycles at 25 °C and used
for the assays. In order to study long-term stability of the clock period, the activity-rest
rhythms of flies from the three sets of populations were recorded for the entire life-span of the
flies under 18 and 28 °C, and t and precision was estimated as described in the first chapter.
Due to time constraints the recording in 25 °C was carried out for only for the first 20-days.
Flies were transferred into activity tubes containing fresh food medium on every gt day of the
recording. The rest of the details of the assay protocol can be found in the methods section of

the first chapter.
Statistical Analysis

The total duration of recording was divided into multiple 5-day age-windows, and t as well as
precision of activity-rest rhythm in DD was calculated across each of these age-windows.
Repeated measures ANOVA was carried out to test for statistically significant difference in Tand
precision, with ‘population” and ‘age-window’ as fixed, and ‘block’ as random factors. The Qg
value for different populations was computed as the ratio of the t at lower temperature (t15) to
T at higher temperature (1,g), and a mixed model randomized block design ANOVA was carried

out on the block means with ‘population’ as a fixed factor and ‘block’ as a random factor.
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Results

‘late’ populations display poor temperature compensation ability as compared to the

‘control’ and ‘early’ populations

ANOVA on the Qi values revealed a statistically significant effect of ‘population’ (F;s=46.36,
p<0.01). While the ‘early’ and ‘control’ populations did not differ from each other, and showed
Qi values closer to 1 (0.985 and 0.968 respectively), the ‘late’ populations were significantly
weakly compensated as compared to both the ‘early’ and ‘late’ populations, and showed a Qi

value of 0.939 (Figure 1.1).

‘late’ populations show longer t and higher precision at 25 °C

A repeated measures ANOVA on the tvalues at 25 °C revealed a statistically significant effect of
‘population’ (F,6=62.94, p<0.01), with the ‘late’ populations exhibiting longer t values across all
the age-windows (1=24.3-h) followed by ‘control’ (t=24.04-h) and ‘early’ (t=23.6-h) populations
(Figure 1.2a). There was no statistically significant effect of ‘age-window’ (F34=0.94, p>0.01) or
‘population’ x ‘age-window’ interaction (Fg 15=0.90, p>0.01), suggesting that the t of free-
running activity-rest rhythm of the three sets of populations does not change in an age-

dependent manner.

There was a statistically significant effect of ‘population’ (F,6=19.74, p<0.01) and ‘age-window’
(F3,9=5.23, p<0.02) on precision. Post-hoc multiple comparisons using Tukey’s HSD revealed
that the ‘late’ populations show significantly higher precision (4.71-h™) as compared to the

‘control’ (4.14-h") populations, whereas the ‘early’ (3.73-h"") populations show significantly
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Figure 1.1: Qwvalues (see text) of the ‘early’, ‘control’ and ‘late’ populations. Error
bars are 95% Cl.
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Figure 1.2: (a) Period () and (b) precision across age windows for the ‘early’, ‘control’ and ‘late’
populations at 25°C. Error bars are 95% ClI.
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lower precision as compared to ‘control’ populations (Figure 1.2b); however, there was no
significant difference in precision across different age-windows. The effect of ‘population’ x
‘age-window’ interaction (Fg15=1.59, p>0.01) on precision was also statistically not significant,
suggesting that the precision of free-running activity-rest rhythm does not change across

populations in an age-dependent manner.
‘late’ populations show a longer t and higher precision at 28 °C

ANOVA on the tvalues at 28 °C revealed a statistically significant effect of ‘population’
(F26=246.95, p<0.01) and ‘age-window’ (F34=5.023, p=0.026) with the ‘late’ populations
exhibiting a significantly longer t across all age-windows (7=24.82-h) followed by the ‘control’
(t=24.09-h), and ‘early’ populations (t=23.52-h, Figure 1.3a). Post-hoc multiple comparisons did
not reveal any difference in period across age-windows. The effect of ‘population’x ‘age-

window’ interaction was also statistically not significant (Fs 15=1.19, p>0.05).

A statistically significant effect of ‘population’ (F;6=10.35, p=0.011) and ‘age-window’ on
precision (F39=34.77, p<0.01) was observed at 28 °C. Post-hoc multiple comparisons using
Tukey’s HSD revealed that the ‘late’ populations show greater precision (2.47-h™Y) as compared
to ‘early’ (1.89-h™) populations whereas they do not differ from ‘control’ (2.56-h*) populations
(Figure 1.3b). Post-hoc multiple comparisons using Tukey’s HSD revealed that the average
precision across the first age-window (2.69-h™) was significantly greater than that of the second
(1.93-h™) and fourth (2.25-h™) age-windows, but was not different from the third age-window

(2.35-h™) and the second, third and fourth age-windows also did not differ from each other.
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Figure 1.3: (a) Period (1) and (b) precision across age windows for the ‘early’, ‘control’ and ‘late’

populations at 28°C. Error bars are 95% Cl.
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There was no statistically significant effect of ‘population’ x ‘age-window’ interaction on both t
(F6,18=1.19, p>0.05) as well as precision (Fs15=1.37, p>0.05) at 28 °C, suggesting that population
level differences in T and precision seen under 25 °C is maintained even at a higher

temperature.

‘late’ populations show longer t under 18 °C

ANOVA on the tvalues at 18 °C revealed a statistically significant effect of ‘population’
(F26=12.44, p<0.01) and ‘age-window’ (F3;6=19.98, p<0.01) with the ‘late’ populations
exhibiting a significantly higher t across all age-windows (t=23.44-h) as compared to the ‘early’
(t=23.32-h) populations but did not differ from the ‘control’ (t=23.48-h) populations (Figure
1.4a). Post-hoc multiple comparisons using Tukey’s HSD revealed that the t of activity-rest
rhythm across age-windows 8 (23.6-h), 9 (23.57-h) and 10 (23.54-h) was greater than that seen
across the first five age-windows, the former and the latter did not differ among each other.
There was, however, no statistically significant ‘population’ x ‘age-window’ interaction

(F32,96=0.50, p>0.01) on T at 18 °C.

ANOVA on precision values at 18 °C revealed a statistically significant effect of ‘age-window’
(F3,16=23.01, p<0.01) and ‘population’ x ‘age-window’ interaction (F3;9=1.85, p<0.01). Post-hoc
multiple comparisons using Tukey’s HSD revealed that on an average precision in age-windows
12 and 14-17 was greater than that seen in age-windows 1-5 and 7, and the remaining windows
did not differ from either of these windows. Precision values were found to increase in
‘control’ populations after the first half of the life as compared to ‘early’ and ‘late’ populations

(Figure 1.4b). There was no significant effect of ‘population’ (F;6=1.66, p>0.05). These results
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indicate that although the differences seen in T under both 25 °C and 28 °C persists, the

differences observed in precision between the populations is lost at 18 °C.

Discussion

Following results from Nikhil et al (2016a) we hypothesized that the ‘late’ populations may have
evolved higher period lability, and decided to test if this manifests in terms of temperature
compensation or Qi values, period and precision in the ‘early’, ‘control’ and ‘late’ populations
across different ambient temperatures. The Q;o value was found to be significantly lower for
the ‘late’ populations as compared to the ‘early’ and ‘control’ populations, while no significant
differences were observed in the Qi values between the latter two populations, suggesting
that the ‘late’ populations have evolved weakly temperature compensated circadian clocks
(Figure 1.1). Furthermore, the greater change in T brought about by change in temperature
corroborates the hypothesis that the ‘late’ populations indeed have a greater inherent lability

int.

We further wished to examine if the stability of t differs across the study populations in a
temperature dependent manner. The rationale being that the ‘late’ populations by virtue of
having evolved a weakly coupled network of circadian oscillators would exhibit lower precision
across temperatures as compared to the other two populations. In this regard we observed
that the ‘late’ populations indeed exhibit higher precision as compared to the ‘early’ and
‘control’ populations, across all the different ambient temperatures studied (Figures 1.2-1.4).

This is quite surprising as weakly coupled oscillator networks would be expected to exhibit
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lower precision in free-running rhythms due to inherent noise and other associated factors
(Aschoff, 1981). However, the results of my study do not conform to these expectations and it
is likely that higher precision in the ‘late’ populations might stem from two other properties of
the oscillator network. One is that the ‘late’ populations exhibit higher intrinsic amplitude
(Nikhil et al., 2016a), which is known to be associated with higher precision of circadian clocks.
Furthermore, a recent study by Webb et al (2012) proposed that weakly coupled cells tend to
resynchronize better as compared to strongly coupled networks, which might explain the
observed higher precision in the ‘late’ populations as it could also stem from either higher
amplitude or higher mutual re-synchrony of the circadian clock in these populations.
Interestingly, Nikhil et al (2015) showed that the ‘late’ populations exhibited higher accuracy in
both activity-rest and emergence rhythms under multiple environments, which was not
associated with higher precision of the underlying circadian clocks. However, as discussed in
the introduction, the precision in Nikhil et al (2015) study was assessed only during the first few
days after transfer to DD. Therefore, it is possible that the observed lack of differences in
precision between the three sets of populations might be masked or altered due to after-
effects of the exposure to LD cycles just before the transfer to DD, and long-term recordings
under constant darkness might reveal the underlying differences in clock precision, which is

seen from the results of this study.

Another interesting aspect that we noticed was that even though the ‘late’ populations exhibit
higher precision under both the higher temperatures, these differences were not seen at 18 °C.

A closer look at the data revealed that this is mostly due to a greater reduction in precision of
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the ‘late’ populations as compared to the ‘early’ and ‘control’ populations (Figure 1.4b). This
suggests that the ability of the ‘late’ populations to maintain higher precision is not robust
across temperatures. Furthermore, at 18 °C, where there is a drastic reduction in t, the
decrease in precision is so much that the difference seen in precision at both 28 °C and 25 °C s
lost (Figures 1.2b, 1.3b, 1.4a, b), it is likely that 18 °C is below the range of temperatures at
which the ‘late’ populations can compensate for changes brought about in 1, and this could
explain the drastic reduction in their precision. Therefore, whenever there is a change in the
environmental conditions due to which tis affected, there also seems to be a reduction in

precision in ‘late’ populations.

In conclusion, while the differences in T among the ‘early’, ‘control’ and ‘late’ populations are
maintained across multiple temperatures, the same does not seem to be the case for precision.
It appears that the ability to maintain higher precision at a given temperature reduces the
robustness of the clock network in the ‘late’ populations resulting in large magnitude changes
in precision as temperature decreases thus highlighting a less robust clock network in the ‘late’

populations.
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Chapter 3

Introduction

After-effects or history-dependent effects in the context of circadian rhythms are the effects of
previous environments on the free-running period (1) of the rhythm, and such effects are found
to manifest immediately after the organism is moved into constant darkness (DD; Pittendrigh,
1960; Pittendrigh and Daan, 1976b). The environments inducing after-effects may include light-
dark (LD) and/or thermophase-cryophase (TC) cycles with varying photo- and thermo-periods,
or LD and TC T-cycles (period of the entraining cycles; Pittendrigh and Daan, 1976b). It has
been observed that in nocturnal as well as diurnal animals, t of the locomotor activity rhythm
shortens or lengthens after an exposure to short or long T-cycles respectively, however, t after
exposure to long photoperiods shortens in nocturnal animals and lengthens in diurnal animals,
and the reverse is seen for short photoperiods (Pittendrigh and Daan, 1976b). After-effects of T
have been observed across vertebrates and invertebrates, with most studies being carried out
on mice and hamsters (Pittendrigh and Daan, 1976b), cockroaches (Page and Block, 1980) and a

few other insects (Christensen and Lewis, 1982).

A previous study on ‘early’, ‘control’ and ‘late’ populations of fruit flies Drosophila
melanogaster reported that a greater percentage of flies from the ‘late’ populations entrain to
both 718 and 730 LD cycles as compared to the other two populations, and that the ‘late’
populations are likely to entrain to such deviant T-cycles via period changes (as indicated by the
greater area under the PRC; Nikhil et al., 2016a).
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In light of the above result we hypothesized that the ‘late’ populations may have evolved higher
period lability that may facilitate successful entrainment to a wider range of T-cycles, and some
evidence supporting this hypothesis is also provided in the previous chapter. To further test
this hypothesis, we studied the effect of exposure to LD and TC T-cycles with T far removed
from 24-h, on the t of activity/rest rhythm of ‘early’, ‘control’ and ‘late’ populations with the
expectation that if ‘late’ populations have evolved higher period lability then they would also

show greater after-effects.

Materials and Methods

Activity/rest rhythm assay: The basic protocol has been described in detail in the materials
and methods section of the first chapter. Following are the details pertaining to the specific

experiments performed in this chapter.

The activity-rest behavior of 3-4 day old virgin males was recorded using DAM monitor
(Trikinetics, Waltham). The activity-rest behavior of flies from ‘early’, ‘control’ and ‘late’
populations was recorded for a minimum of 7-days in DD at 25 °C and the t values (t;) were
calculated, following which the flies were exposed to the respective LD or TC T-cycles (718, 724
and T30). The light intensity during the light phase of LD cycles was 100 lux and temperature
was maintained constant at ~25 °C, whereas in the TC cycles the temperature cycled between
18 °C and 28 °Cin DD. After being subjected to the T-cycles, activity-rest behaviour of flies was
monitored for another 7-days in DD at 25 °C and the tvalues (1,) were estimated. A set of flies

from each of the populations was also recorded in DD at 25 °C for the entire duration of the
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experiment, and these flies served as age-matched controls. Flies were transferred into activity
tubes containing fresh food media on the first and last days of the T-cycles during the

respective photo- and thermo-phases.

Statistical analysis: After-effect was defined as the difference in t of activity-rest rhythm
before and after being subjected to the T-cycles (t,-1;). A mixed model ANOVA was carried out
to test for statistically significant difference in after-effects with ‘population’ and ‘T-cycle’ as
fixed factors and block as random factor. To estimate the extent of after-effects that could be
attributed to the T-cycles alone, and not to age-related changes in t, after-effects of each

regime was compared to that of the respective age-matched controls.

Results

After-effects of Light-Dark T-cycles

Although ANOVA on after-effects of LD T-cycles showed a statistically significant effect of ‘T-
cycle’ (F39=20.82, p<0.05), post-hoc comparisons using Tukey’s HSD did not reveal any

statistically significant difference between different T-cycles (730: 0.24-h, T24: 0.17-h, T18: -
0.10-h, and DD: -0.02-h; Figure 2.1). Moreover, the effect of ‘population’ (F;=2.78, p>0.05)

and ‘population’ x ‘T-cycle’ (F412=0.469, p>0.05) interaction was statistically not significant.

After-effects of Temperature T-cycles

ANOVA on after-effects revealed a statistically significant effect of ‘population’ (F,=7.41,

p<0.05) and ‘T-cycle’ (F34=10.26, p<0.05), and post-hoc multiple comparisons using Tukey’s HSD
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Figure 2.1: After-effects (t,-t,) of LD (Light-Dark) T-cycles of the ‘early’, ‘control’ and ‘late’
populations. Error bars are 95% CI.
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revealed that none of the populations differed from each other (‘early’: 0.04-h, ‘control’: 0.15-
h, ‘late’: 0.26-h). However, T30 had statistically significant after-effects (DD: -0.02-h, T18: 0.07-
h, T24: 0.07-h, T30: 0.17-h). Additionally, ANOVA showed a statistically significant effect of
‘population’ x ‘T-cycle’ interaction (Fg 15=2.76, p<0.05), and post-hoc multiple comparisons
revealed that ‘late’ populations show statistically significant after-effects but only after being

entrained to T30 (Figure 2.2).

Discussion

In order to test the hypothesis that the ‘late’ populations have evolved greater period lability as
a correlated response to selection on timing of emergence, we estimated the effect of exposure
to several LD or TC T-cycles on the t of activity-rest rhythm of the ‘early’, ‘control’ and ‘late’
populations and found that while population-level differences in T (Teary<Tcontro<Tiate) Persisted
across all the regimes, the ‘late’ populations showed a statistically significant after-effect when
exposed to T30 TC cycles (Figures 2.1, 2.2). However, none of the populations showed any
differences in after-effects following entrainment to LD T-cycles. One possible reason for this
might be that temperature may be a more potent zeitgeber as compared to light. Alternatively,
the strength of LD cycles (100 lux during the light phase) might not be sufficient to elicit

detectable after-effects in these populations.

Although the results from Nikhil et al (2016a), and those discussed in the previous chapter
indicate that ‘late’ populations may have evolved greater period lability, this does not seem to

manifest in terms of after-effects of most of the entraining T-cycles and there could be a few
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possibilities as to why this may the case. Although differences in the level and nature of
coupling could drive period lability, it might not be the only clock property which could be
thought to do so. Regardless of the manner in which period lability is brought about, one can
imagine that a greater sensitivity of the circadian clocks to the zeitgebers would influence T to a
greater extent, and this effect would persist for a longer time as compared to clocks which have
inherently lower sensitivity to the zeitgebers. The ‘late’ populations have earlier been shown to
have evolved reduced levels of the circadian photoreceptor CRYPOCHROME (CRY), and hence
reduced circadian photosensitivity (Nikhil et al., 2016b), which might be the reason for them

not showing significant after-effects to any of the LD T-cycles.

On the other hand, it has typically been observed that as a result of after-effects, organisms
exhibit T close to T, at least for an initial duration in DD, after which their t gradually approaches
the steady-state values in due course of time (Pittendrigh and Daan, 1976b). For instance,
following entrainment to 722 LD cycles, the t of locomotor activity rhythm of hamsters was
initially found to be much shorter than that prior to entrainment, and was eventually found to
lengthen to attain the steady-state t (Pittendrigh and Daan, 1976b). Estimating the rate at
which circadian clocks return to their steady-state t following after-effects would therefore be
an additional measure of period lability and might highlight differences between the
populations, and could provide evidence in favor of increased period lability in the ‘late’

populations.

Although previous studies indicate a possible difference in period lability between ‘early’ and

‘late’ populations, an estimation of after-effects of the entraining T-cycles in terms of the
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difference between 1 values before and after entrainment does not show a difference in the
extent to which the ‘early’, ‘control’ and ‘late’ populations are affected. Other methods of
estimation of after-effects (rate of regression back to steady-state t) might serve to elicit such
differences between the populations. Therefore the hypothesis that the ‘late’ populations may
have evolved higher period lability which manifests itself in terms of after-effects awaits

conclusive validation.
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Chapter 4

Introduction

Phenotypic plasticity is the ability of organisms to show altered trait values as a result of
environmental (ecological) effects without changing the genotype. This is a complex trait that
is itself subject to evolution and is also seen during development (West-Eberhard, 2003).
Phenotypic plasticity of circadian clocks can manifest due to environmental conditions
experienced during pre-adult developmental stages (developmental plasticity) as well as adult-
stages (adult plasticity). Circadian clocks show a range of t values which are largely determined
by the genotype, however, a few studies have reported developmental plasticity in circadian
period T (Barrett and Page, 1989; Page and Barret, 1989; Sheeba et al., 2002), while others
have studied the after-effects of different environmental regimes on the adult circadian clocks

(Pittendrigh et al., 1958; Pittendrigh, 1960; Pittendrigh and Daan, 1976b).

The handful of studies that do assess the developmental plasticity of circadian clocks have only
estimated the effects of varying light-dark (LD) T-cycles and photoperiods (different light and
dark duration) on tin some insect species since light is known to affect the circadian clocks

even at the developmental stage. In a series of experiments on cockroaches Barrett and Page
(1989) assessed the extent of developmental plasticity due to LD T-cycles by estimating the
clock properties at the adult stage. They found that t of the activity-rest rhythm of adult
cockroaches was determined by the LD cycles that they were reared in as pre-adults, such that t
of individuals reared under 722 was significantly shorter than those reared under 724, while the
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T of individuals reared under T26 was significantly longer than both 722 and 724 reared
individuals, and they found that the altered t values remained stable for over 7-months in
constant darkness (DD), and did not change even when subjected to varying photoperiods
(Barrett and Page, 1989). LD cycles were found to play an important role in the development of
circadian clocks in zebra fish as the lack of entraining stimulus during rearing stages resulted in
a higher percentage of arrhythmic adults (Hurd and Cahill, 2002). Therefore, developmental
plasticity of circadian clocks is a conserved aspect of circadian timekeeping, and occurs across a

diverse range of taxa despite there being a drastic difference in their developmental processes.

In Drosophila, despite it being holometabolous, light pulses administered during the early first
instar larval stage have significant effects on the adult circadian clocks such that the time of
administration of pulse determines the phase of the adult activity-rest rhythm (Sehgal et al.
1992; Malpel et al,. 2004). Subsequently in Drosophila, it was shown that tis also influenced by
the pre-adult rearing environment such that t; (LL: constant light) is shorter than tpp (Tomioka
et al., 1998). This study also showed that the ability of circadian clocks to entrain to LD cycles
as larvae was dependent on the extent of mismatch between t and T such that per" flies
showed free-running rhythm (t ~28-h) after being subjected to extremely short photo-periods
(Tomioka et al., 1998). Another study which estimated the developmental plasticity of
circadian clocks in Drosophila melanogaster populations reared in LL for over 600 generations
found that rearing under LD, DD and LL for one generation alone affected the t of the activity-
rest rhythm of the adults such that tpp < 1 < Tp (Sheeba et al., 2002). A study on D.

melanogaster populations selected for faster pre-adult development revealed that the pre-
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adult developmental rate of flies was affected under different ambient and cyclic temperature
conditions, and found that the magnitude of difference in T between the selected and control
populations varied with different temperature regimes (Yadav and Sharma, 2013). These
studies conclusively demonstrate that the circadian clocks of Drosophila exhibit developmental
plasticity to different pre-adult rearing environments in a manner similar to that seen in other

organisms.

Previous studies have shown that as adults, the ‘late’ populations of D. melanogaster have a
wider range of entrainment as compared to the ‘early’ and ‘control’ populations, as a greater
proportion of individuals from the ‘late’ populations were found to entrain to extreme T-cycles
(Nikhil et al., 2016a). The ‘late’ populations were also found to have a higher intrinsic
amplitude of the clock and could possibly be different from the ‘early’ and ‘control’ populations
in their ability to integrate light over longer durations, indicating that both these factors, as well
as a possible difference in the inter-oscillator coupling in the ‘late’ populations could be
responsible for the wider entrainment range and lower relaxation rates that were observed

(Nikhil et al., 2016a).

Studying the effects of varying cyclic environmental cues and constant ambient temperatures
on the periodicity and precision of the adult activity-rest rhythm (adult plasticity in these clock
properties) has revealed differences in the extent of responses in the ‘early’, ‘control’ and ‘late’
populations (Chapters 2 and 3). The ‘late’ populations tend to show greater variability in T and
increased precision relative to the other two populations under different constant ambient

temperatures (Chapter 2). In addition, the ‘late’ populations show significant after-effects
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under T30 TC cycles (Chapter 3), thereby collectively suggesting increased ability of the ‘late’
populations to mold their T in response to different environmental stimuli. In order to test if
this ability to mold the tin response to different environmental stimuli is also present during
the pre-adult stages, we assayed the effects of such environmental stimuli on the period and
precision of flies exposed to different LD and TC (Thermophase-Cryophase) T-cycles during their

pre-adult developmental stages.

Materials and methods

Experimental populations: Refer to details of selection protocol and maintenance regime in

the first chapter.

Activity-rest rhythm assay: The basic protocol has been described in the materials and
methods section of the first chapter. Following are the details pertaining to the experiments

performed in this chapter alone.

Rearing conditions and activity-rest behaviour assay: ~300 eggs were collected from the
standardized populations and were dispensed into glass vials containing banana-jaggery
medium. These populations were then reared under T-cycles of T18, 724, T30 LD and TC cycles,
and one set of each of the above mentioned populations was also reared in DD. Virgin males
were collected from the different developmental regimes soon after emergence and
transferred into DD at 25 °C for activity recording as soon as sufficient number of flies had
emerged. Virgin collection was done a few hours before, after, and once during the photo- and
thermo-phase. Care was taken to ensure that flies from different populations did not
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experience any cyclic time-cue post emergence. The light intensity during the light phase of the
LD cycles was 100 lux with a constant temperature of 25 °C, and the temperature cycled
between 18 °C and 28 °C in the TC cycles in constant darkness. The activity-rest recording was
carried out for ~22-days and flies were transferred into activity tubes containing fresh sucrose-

yeast medium on the 11" day of recording.
Statistical analysis

A mixed model randomized block design ANOVA was carried out to test for statistically
significant effects of different rearing conditions on t and precision (dependent variables) of
activity-rest rhythm in the ‘early’, ‘control’ and ‘late’ populations with ‘population’ and

‘developmental regime’ as fixed factor and ‘block’ as a random factor.

Results

Comparison of the effect of development under different LD regimes on the activity-rest

rhythm of the three sets of populations

ANOVA on the period values showed a statistically significant effect of ‘population’ (F;6=15.73,
p<0.01) and ‘developmental regime’ (F,=24.22, p<0.01). Post-hoc comparisons using Tukey’s
HSD revealed that the ‘early’ (23.52-h) and ‘late’ (24.22-h) populations had significantly shorter
and longer periods as compared to the ‘control’ (23.89-h) populations, and on an average
period following development in T18LD (23.74-h) was shorter than that following T24LD (24.01-
h), but did not differ from any of the other regimes (DD: 23.86-h; T30: 23.88-h). There was no

significant effect of ‘population’ x ‘developmental regime’ interaction (Fg ;5=0.45, p>0.05),
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Figure 3.1: (a) Period (1) and (b) precision of the ‘early’, ‘control’ and ‘late’ populations after
development under LD (Light-Dark) T-cycles. Error bars are 95% ClI.
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indicating that the different developmental regimes had a similar effect on the period values of

the three sets of populations (Figure 3.1a).

Similarly, ANOVA on the precision values showed a statistically significant effect of ‘population’
(F26=138.18, p<0.01) and ‘developmental regime’ (F,=9.24, p<0.01; Figure 3.1b). Post-hoc
multiple comparisons using Tukey’s HSD revealed that the ‘early’ (2.84-h™), ‘control’ (3.40-h?)
and ‘late’ (3.66-h") populations did not differ from each other. However, post-hoc comparisons
using Tukey’s HSD revealed that on an average, clock precision after development in 718 LD
(2.54-hY) cycles was significantly lower than that after development in DD (3.82-h™) and 724 LD
(3.95-h™) but did not differ from T30 LD (2.89-h%), and precision after development in DD, 724
LD and T30 LD did not differ from each other. There was no statistically significant effect of
‘population’ x ‘developmental regime’ interaction (Fs 18=2.43, p>0.05), indicating that the
magnitude of differences in precision between the study populations did not change across

regimes.

Comparison of the effect of development under the different TC regimes on the activity-rest

rhythm of the three sets of populations

ANOVA on the period values showed a statistically significant effect of ‘population’ (F;=276.38,
p<0.01) and ‘developmental regime’ (F;=10.55, p<0.01). Post-hoc multiple comparisons using
Tukey’s HSD revealed that the ‘late’ (24.33-h) populations showed a significantly longer period
as compared to the ‘control’ (23.97-h) populations, and the ‘early’ (23.56-h) populations
showed a significantly shorter period as compared to the ‘control’ populations, and that t

following development in T30 (24.04-h) was significantly longer than that following DD (23.86-
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Figure 3.2: (a) Period () and (b) precision of the ‘early’, ‘control’ and ‘late’ populations after
development under TC (Thermophase-Cryophase) T-cycles. Error bars are 95% Cl.
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h), but was not different from t following 718 (23.97-h) and 724 (23.95-h), T after development
in DD was not significantly different from that following 718 and 724 (Figure 3.2a). There was
no significant effect of ‘population’ x ‘developmental regime’ interaction (Fg 15= 0.33, p>0.05),
indicating that different developmental regimes had a similar effect on the period values of the

different populations.

ANOVA on the precision values did not show a statistically significant effect of ‘population’
(F26= 3.40, p>0.05), ‘developmental regime’ (F; 9= 1.83, p>0.05) or of ‘population’ x

‘developmental regime’ interaction (Fg ;5= 1.23, p>0.05; Figure 3.2b).

Discussion

Previous results from the ‘early’, ‘control’ and ‘late’ populations have shown that as adults
these populations differ in intrinsic clock period and amplitude, zeitgeber sensitivity and
possibly inter-oscillator coupling (Nikhil et al., 2016a). This could in turn affect the extent of
plasticity of the clock in the adults, as is indeed seen to some extent from the results of the
previous chapters. To investigate whether such effects persist even at the pre-adult
developmental stages we studied the effect of rearing under different LD and TC T-cycles on the
T and precision in the adults of the study populations. The results show that the t of activity-
rest rhythm is determined by the genotype as well as the rearing conditions of the flies as there
was a statistically significant effect of ‘population’ and ‘developmental regime’ on t across all

the LD and TC T-cycles (Figures 3.1a, 3.2a).
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After rearing under each of the LD and TC T-cycles, the effect of genotype is evident as the
population-level differences in t continues to persist as seen in the previous chapters, however,
there appears to be change in the absolute t under the different developmental regimes
(Figures 3.1a, 3.2a). This is also the case with precision across developmental regimes of LD
cycles, but not TC cycles (Figures 3.1b, 3.2b). After rearing in LD T18 cycles, the 1 of all the
populations is significantly shorter as compared to that following rearing T24LD regime (Figure
1a). Rearing under LD T18 cycles appears to reduce precision across all the populations as
compared to that when they complete development in DD (Figure 3.1b). This could stem from
the increased change in t following rearing under this novel condition, as seen in the previous

chapter.

Following rearing under TC T-cycles there was no change in T as compared to that following
development in DD for any of the study populations (Figure 3.2a). Although there was no
significant effect of developmental regime on precision, separate comparisons of the precision
values of the ‘late’ populations showed that the lack of differences in precision seen between
the ‘early’, ‘control’ and ‘late’ populations after rearing under any of the TC cycles appears to
be due to the reduction in precision of the ‘late’ populations following rearing in DD. This
indicates that exposure of the ‘late’ populations to any temperature T-cycle is sufficient to bring
about a reduction in precision in the ‘late’ populations, and could be a result of increased
sensitivity to temperature in these populations. The results of Chapter 2 could also be

interpreted in this manner.
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Therefore, as seen in previous studies (Page and Barrett, 1989; Barret and Page, 1989)
subjecting the ‘early’, ‘control’ and ‘late’ populations to LD and TC T-cycles affects the T,
however, there appears to be no difference in the developmental plasticity between the
populations as the effect of change in tis similar across all populations. Although the results of
Nikhil et al (2016a) and that of the previous chapters points towards greater period lability in
the ‘late’ populations, it does not seem to manifest itself when individuals are reared under

different environmental conditions.
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