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Summary

Circadian clocks regulate the timing of a number of key behavioral and
physiological processes in a wide range of organisms (Dunlap et al., 2004). Its
ubiquitous occurrence across levels of complexity and organization is often
considered as an evidence for its adaptive significance (Sharma, 2003a).
Organisms are thought to gain two types of adaptive advantages by having
functional circadian clocks (i) “intrinsic advantage™ gained by coordinating
various metabolic processes in the internal milieu, and (ji) “extrinsic advantage™
accrued by synchronizing behavioral and metabolic processes with the periodic
external environment (Sharma, 2003a). Studies on free-living animais suggest
that circadian clocks enhance the chances of their survival under natural
environment (Paranjpe and Sharma, 2005). Studies in organisms living under
constant conditions such as depth of the sea, and subterranean caves, suggest
that these organisms may or may not exhibit circadian rhythms, and if they do,
such rhythms may not entrain to periodic light/dark (LD) cycles (Sharma, 2003a).
This raises an interesting and yet unanswered question whether organisms living
under constant environments have functional clocks that are similar to those
inhabiting periodic environments, and whether functional aspects of such timing
systems such as sensitivity and ability to respond to LD cycles, ability to entrain
different rhythms to a range of periodic environments, persist in these organisms.
| have tried to address some of these questions in my thesis.

Previous studies on the adaptive significance of circadian rhythms suffer
from one drawback or another; most studies lack population-level replication, true
controls, and adequate control for the genetic composition of the populations
(Sharma and Joshi, 2002). A number of studies have used mutants and highly
inbred animals to address this issue, which in many ways limit the potential
insights gained. Furthermore, often lifespan was used as the sole indicator of
fitness, though it is well known that a fine balance between various life history
fraits, resulting from several genetic and environmental constraints, and trade-
offs constitutes fitness of an organism (Loeschke, 1987, Steams, 1992; Leroi et
al., 1994). This suggests that a number of relevant fitness traits which could -



directly or indirectly influence reproductive output of the organism should be
taken into account to draw any meaningful conclusions about the adaptive value
of circadian clocks. To empirically establish that circadian clocks have adaptive
significance, systematic and rigorous studies which successfully address the
above mentioned criticisms and demonstrates that (i) specific environmental
conditions relevant to the trait have differential effect on the major fitness
components, and (i) the trait in question evolves differentially under those
environments (Sharma and Joshi, 2002) needs to be carried out. | therefore
decided to study the effect of light conditions on a number of key clock
parameters and fitness components. | also investigated the long term
(evolutionary) effects of rearing flies under different light conditions on the clock
and clock-associated traits.

Using four large, out bred Ilaboratory populations of Drosophila
melanogaster reared under constant light (LL) for more than seven hundred
generations (henceforth will be referred as LL populations) we studied behaviors
such as adult emergence (eclosion), activity/rest (locomotor activity) and egg-
laying (oviposition) under two constant environments, constant light (LL),
constant darkness (DD), and five periodic LD cycles of 9:9 h (T18), 10:10 h
(T20), 12:12 h (T24), 14:14 h (728) and 15:15 h (730). All three behaviors
showed rhythmic patterns under DD with periods in circadian range and
entrained to LD cycles ranging from 778 to T730. The timing of peak of eclosion
and the end of activity under LD cycles changed systematically with changing
day length. This suggests that circadian rhythms of eclosion, locomotor activity
and egg-laying persist in the LL populations, which confirms results of earlier
studies from e?g‘r' laboratory done on these populations, about 100 generations
ago (Sheeba,1999a, 2001, 2002b). The fact that circadian rhythms in three key
behaviours in the LL flies persist, and that the rhythms entrained stably to LD
cycles with a wide range of periodicities, as well as other wild type flies do,
suggests that circadian clocks have an intrinsic adaptive value. These results
could also be taken to suggest that entrainment mechanisms are an integral and
indispensable part of the circadian clock's pacemaking mechanisms.



We further investigated whether light regimes have differentiai effects on
fitness components such as pre-aduit development time, survivorship, lifespan,
and reproductive output, and whether there is any role of circadian clocks in
mediating such effects. We managed to speed up or slow down the Drosophiia
eclosion rhythm by keeping the flies in shorter and longer LD cycles, which in
turn speeded up or slowed down the pre-aduit development. This suggests that
the period of LD cycles, and/or of the eclosion rhythms determines the duration
of pre-adult development in D. melanogaster. However, as the period of LD
cycles deviated from 24 h, the pre-adult survivorship was significantly reduced,
suggesting that faster or slower development has a cost attached to it. Further,
experiments under short and long photoperiods revealed that the duration of light
and the light/dark ratio in the LD cycles also influence pre-adult development
time in Drosophila. To the best of our knowledge, ours is the first detailed study
of its kind on the effect of light regimes on pre-adult development time. The light
regimes also had measurable effect on the adult fitness traits such as lifespan
and reproductive output. Female flies, both virgin and mated, lived significantly
shorter under constant environments (LL, DD) compared to the periodic
environments (720, T24, T28), which suggests that constant environments are
deleterious for Drosophila females. Careful analysis of the reproductive output of
both virgin and mated females revealed that the number of eggs laid by the flies
was considerably higher under constant conditions compared to the LD cycles,
which suggests that the reduction in the lifespan of females was primarily due to
higher reproductive output and not due to some unknown deleterious effect of
constant environment. On the other hand in virgin males, the light regime-
dependent reduction of lifespan was primarily mediated through increased
activity duration, whereas no such correlation was observed in mated males, and
virgin and mated females, suggesting a sex-specific effect of environment,
circadian clocks, and/or activity on the adult lifespan of D. melanogaster.

The next step towards establishing the adaptive significance of circadian
clocks was to demonstrate that circadian clocks, and/or clock-associated
features evolve differentially under constant and periodic light conditions. For this



purpose two new sets of populations were initiated from the LL populations
(Sheeba, 2001} and reared for more than one hundred generations under DD
and LD cycles of 12:12 h (henceforth will be referred as DD and LD populations,
respectively). We evaluated the effects of rearing under different light conditions
on general photic responses in the three populations after 100 generations. The
clock’s response to brief light stimuli in the DD flies was significantly reduced
compared to the LL and LD fiies. Such reduction in the photic response could
have arisen due to impairment in light sensing mechanisms or due to the
reduction in clocks’ ability to respond to light stimuli. To examine the first
possibility we recorded electro-physiological activity of fly retina by first exposing
the flies to light stimuli and then recoding the retinal responses as electro-
retinogram (ERG). The ERG records did not reveal any difference in light
reception ability of the populations. A considerable fraction (~35-50%) of flies
from all the three populations showed abnormal retinal responses, suggesting
that light input was probably impaired in the LL populations to start with, and 100
generations of rearing under LD and DD regimes did not cause any measurable
change. Subsequently, we decided to assay the behavioral photic responses of
larvae and adults to estimate the clock’s response to light stimuli. A greater
fraction of larvae from the DD populations preferred darkness compared to the
LL and LD populations, suggesting that rearing under DD makes flies more
photophobic. Further, light or dark preference of larvae was found to be time
dependent under DD in the LL and LD populations, suggesting that circadian
clocks regulate the circadian larval photic response behaviour. The adult photic
responses on the other hand were intensity dependent; at lower intensity of light,
adults from the LL and DD populations showed time dependent photo-tactic
behavior, suggesting that circadian clocks also regulate the adult photic-
responses in Drosophila. At higher light intensity, photic response was not time
dependent. At lower light intensity, adults from the DD populations showed
significantly less photo-tactic behavior compared to those from the LL and the LD
populations. These results suggest that rearing in DD makes flies more
photophobic and their circadian clocks less responsive to light. These results are



surprising and their implications for fitness or adaptive advantage for circadian
clocks under different light conditions are stilf unclear.

To confirm the role of circadian clocks in regulating the behavioral
responses such as immediate response to a light stimulus, we studied adult
photo-tactic responses in a number of fly strains. Adult photic-responses were
time dependent in the wild type {(CantonS and yw) flies, while the time-
dependency was lost considerably in clock manipulated strains of flies (pes’, tim®,
clé™, cyc® cry®, and gi®%. Adult photic response was significantly reduced in the
mutant with impaired photic-transduction (g% indicating that light-input
pathways are important for rapid behavioral photo-responses in adults. Thus, our
study clearly demonstrates that circadian clocks modulate hehavioral photic
responses in D. melanogaster., To the best of our knowledge, this is the first
study of its kind demonstrating the role of circadian clocks in regulation of rapid
behavioral response to light stimuli in Drosophiia adults.

In conclusion, we could demonstrate that light influence a number of clock
properties and related fitness components. In addition to such phenotypic effects,
light also has a long-term evolutionary effect on the circadian clocks and the
clock-related traits. Although, the adaptive advantage of such changes is not yet
clear, it is a step forward towards the demonstration of adaptive significance of
circadian clocks.
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Chapter 1

Introduction



1.1 Introduction to circadian rhythms

Earth’s rotation around its axis causes predictable changes in the geophysical
environment, which provides organisms with options to occupy a wide range of
temporal niches. Most organisms place themselves suitably in such niches using
time keeping system that can measure passage of time on an approximately 24 h
scale (and hence are known as circadian clocks; circa = approximately; dies = a
day) (Dunlap et al., 2004). Extensive studies over the past fifty years on a wide
range of organisms have revealed some unique features of circadian clocks that
delineate them from other biological oscillators. For example, circadian clocks
have (i} inherent near 24 h periodicities, (ii) their periodicities are protected to a
large extent from changes in temperature, nutrition and pH within physiologically
permissible limits, and (iii) they can be made to oscillate with exactly 24 h period
— a key property of circadian clocks known as enfrainment, which enables
organisms to keep track of time in their local environments. Circadian clocks
enhance organism's chances of survival under periodic environments by
enabling them to efficiently anticipate periodic events such as availability of food,
light, mates, and presence of predators (Pittendrigh, 1993; Dunlap et al., 2004;
Paranjpe and Sharma, 2005; Sharma and Chandrashekaran, 2005). Hence, it is
not too surprising that a wide variety of organisms such as bacteria, fungi, fish,
amphibians, reptiles, insects, mammals including humans, as well as plants

possess circadian clocks that time their metabolic and behavioral processes.



1.2 Entrainment of circadian clocks to environmental cues

The issue of entrainment and its implications in temporal niche selection has
remained central to circadian rhythm research since its inception. It is commonly
believed that forces of natural selection act on the timing of a rhythmic behavior.
Therefore, maintenance of stable and appropriate timing for behavioral and
metabolic activities is considered as one of the most essential features of
circadian clocks. This is especially true for organisms living under natural
environments where light, temperature, humidity, food, predators and
competitors show diurnal fluctuation. With the help of such periodic time cues
circadian clocks keep track of local time by synchronizing various metabolic and
behavioral processes with the external periodic environment {Pittendrigh and
Daan, 1976; Daan, 2000; Roenneberg et al., 2003; Sharma, 2003a). For most
organisms, periodic LD cycles are among the most reliable time cues (Dunlap et
al., 2004), hence most studies on entrainment have dealt with photic
entrainment. Entrainment of circadian clocks largely depends upon : free-running
period (1) of the clock, period of the entraining time cue (7), and clock’s
sensitivity to the stimuli of time cue typically plotted as phase response curve
(PRC) (Beersma et al., 1999; Daan, 2000; Roenneberg et al., 2003; Sharma,
2003b). The r and PRC are considered as invariant properties of circadian clocks
as they are assumed to remain unchanged through out the entrainment process
(Sharma, 2003b; Sharma and Daan, 2002). Yet, studies on insects and rodents
have revealed that rand PRC of circadian clocks are not as invariant as they are

believed to be, because they often vary reflecting residual effects of prior
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environmental experience typically referred as “after-effects” (Pittendrigh, 1960;
Sokolove, 1975; Christensen, 1978, Page and Block, 1980; Sheeba et al.,
2002a). For example, mice exposed to LD cycles continued to exhibit rhythmic
locomotor activity under DD with r close to the period of previcusly experienced
LD cycles (Pittendrigh and Daan, 1976). Such after-effects can be thought to be
of some functional significance to the organism, as they could help in maintaining
a stable phase relationship (), even when the perceived environmental cycles
are masked due to cloud cover or behavioural changes (Pittendrigh and Daan,
1976; Enright, 1980; Kramm and Kramm, 1980; Beersma et al., 1999).

The w of a rhythm is known to change as a function of the period of LD
cycles (T) (Pittendrigh and Daan, 1976; Pittendrigh, 1993}, reflecting the ability of
circadian clocks to adjust suitably to a wide range of LD cycles. Under shorter T
cycles, the y is more negative while under longer T, v is more positive implying
that as the length of the LD cycle increases, the behavior in question occurs
earlier and earlier. Since  depends upon both 7 and T, a relationship between
r, T and v would be expected to compensate for the day-to-day variations in
as well as predictable (seasonal) changes in day lengths (Pittendrigh, 1981). In
other words, systematic change in ¥ as function of r and T is believed to allow
organisms to maintain an appropriate ‘temporal niche’ in the periodic
environments. Therefore, it appears that circadian clocks have evolved
entrainment mechanism to enhance its stability in ever fluctuating environments,
a clock feature which could be critical for organism's survival in natural

environment (Daan, 2000; Sharma, 2003b; Paranjpe and Sharma, 2005).
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1.3 Circadian clocks and adaptive evolution

The phenomenon of adaptation is one of the central and important ideas in the
field of biology (Pittendrigh, 1958). Phenotypic adaptation refers to changes in
biological processes in response to the immediate set of environmental
conditions occurring within the life time of an organism, while long term changes
such as those in genetic composition of populations in response to the
environmental conditions over several generations generally imply ultimate or
evolutionary adaptation. For establishing empirically that a particular trait is
“adaptive” rigorous criteria have been developed, which include demonstration
that (i) specific environmental regimes relevant to the trait have differential effects
on major fitness components, i.e. important life history traits such as life span,
reproductive output which contribute to Darwinian fitness of an organism, and (i)
that the trait in question evolve differentially under these environmental regimes
(Sharma and Joshi, 2002). Thus, it is apparent that systematic long term studies
on laboratory populations could perhaps constitute the best approach for
studying evolutionary adaptation (Rose et al., 1996; Joshi 1997; Shama and
Joshi |, 2002).

Although circadian clocks are believed to have arisen as a result of
adaptive evolution under periodic environments (Hastings et al., 1991) there has
been hardly any rigorous and conclusive empirical study which meets the above
mentioned criteria (Sharma 2003a). Given that circadian clocks are ubiquitous
and are found in a wide range of organism at various levels of organization and

complexity, it is often speculated that they must provide adaptive advantage to
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their owners (Sharma 2003a). Organisms can be thought to gain adaptive
advantage of possessing functional circadian clocks of two types - (i) “intrinsic
advantage” gained by using circadian clocks to coordinate various cyclic
metabolic processes within the internal milieu, and (ii) “extrinsic advantage”
accrued by synchronizing various metabolic and behavioral processes with the
periodic external environment (Sharma, 2003a). Further, it is believed that under
periodic environments, precisely timed rhythmic activities confer greater adaptive
advantage compared to randomly occurring activities, and in turn clocks that
enable organisms to maintain such timings are selected for (Roenneberg et al.,
2003; Sharma, 2003a). Therefore, the free running phenotype of circadian clocks
is considered as an evolutionary outcome of forces of natural selection acting on
entrained clocks (Hastings et al., 1991; Pittendrigh, 1993; Roenneberg et al,,
2003; Sharma and Chandrashekaran, 2005). There is a general agreement
among circadian biologists that circadian clocks have evolved under selection
pressures comprising of periodic cycles of light, temperature and humidity, and at
some later stage rhythmic activities of prey, predators, and dominant competitors
might have provided additional selection pressures for it's fine tuning {(Aschoff,

1965; Hoffmann, 1976; Hastings et al., 1991).

1.4 Adaptive significance of circadian clocks
Evidence from studies on free-living organisms
Circadian clocks regulate a number of key behaviors in a wide variety of

organisms. For example, most insects emerge as adults from their pupal case
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(an act known as eclosion) close to the “dawn”, when humidity in the
environment is the highest (Biinning, 1935; Kalmus, 1935; Pittendrigh, 1954). It is
believed that by restricting eclosion to the early hours of the day, insects prevent
desiccation, and thus enhance their chances of survival (Pittendrigh, 1958).
Circadian clocks help organisms in timing their activity at species-specific time of
the day, which enables them to find food and mates, escape predators, and
avoid undue competition between sympatric species {(Dunlap et al., 2004;
Paranjpe and Sharma, 2005). Proximal advantages of possessing circadian
clocks have been evaluated in a few field studies. For example, in a study on the
guillemots (Uria Jomvia), a greater percentage of fledglings jumping out of their
nests at non species specific time fell prey to gulls compared to those that
restricted their jumping behaviour during species specific time of the day (Daan
and Tinbergen, 1980). Thus, timing jumping behaviour during evening hours, in
synchrony with other juveniles resulted in greater chances of survival in the
young fledglings (Daan, 1981). In ground squirrels living, the hypothalamus-
based circadian clock — suprachiasmatic nucleus (SCN) — has been reported to
play an important role in their survival under natural conditions. Under laboratory
conditions, SCN ablated animals survived equally well as the controls (Ruby et
al., 1998}, but quickly fell prey to feral cats when released into a semi natural
enclosure (DeCoursey et al., 1997). This suggests that although functionat clocks
may not be essential for survival under controlled laboratory conditions, they
might become crucial under natural environment. In a subsequent marathon field

study on the free living chipmunks Tamias striatus, DeCoursey and coworkers
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demonstrated that the reduction in survival of the SCN ablated animals was
primarily due to enhanced predation, perhaps due to increased nighttime
restlessness (DeCoursey et al., 2000).

Circadian clocks play an important role in the regulation of day to day
repertoire of social insects such as honeybees and ants. Social insect colonies
are normally faced with a wide variety of challenges such as changing colony
sizes, time of the year, food availability, predation pressure and changing climatic
conditions. Survival of these colonies under such conditions requires a number of
tasks to be performed simultaneously. Social insects seem to have evolved
division of labor, a strategy, which in addition to enhancing efficiency of task
management promotes biological evolution of complexity and diversity (Bourke
and Franks, 1995). In a series of experiments, Robinson and coworkers
demonstrated that social insects use circadian clocks to efficiently manage
division of labor (Robinson, 1992). For example, in the colony of the Asian
honeybee Apis mellifera, young workers (nurses) perform tasks that can be
categorized as “nursing” practically around the clock without taking any rest
(Moore et al., 1998), whereas the older honeybees (foragers) visit flowers to
collect pollen and nectar in a rhythmic manner (Frisch, 1967). Thus, the
honeybees use circadian plasticity to match the age dependent behavioral
development, a phenomenon commonly known as age polytheism (Toma et al.,
2000, Bloch et al., 2001). The role of circadian clocks has also been investigated
in a few ant species. In ants, the virgin queens and males mate during nuptial

flights, which occur at a species specific time of the day, during the mating
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season (Holidobler and Wilson, 1990; McCluskey, 1992). The virgin queens and
males are believed to use circadian clocks to time their mating flight in order to
encounter mating partners from the neighboring colonies (Holldobler and Wilson,
1990; McCluskey, 1992). In the ant species Camponotus compressus the virgin
queens and males were found to time their mating flights by maintaining a stable
phase relationship with the environmental LD cycles, perhaps to facilitate cross
breeding between colonies and to avoid inter species mating (Sharma et al.,,
2004a). In a separate study, some worker castes of this species, namely the
major and media workers were found to show rhythmic activity/rest cycles,
perhaps to time their day-to-day repertoire. Some major workers (the foragers)
showed stable activity rhythms, while the rest (the soldiers) did not show any
obvious sign of rhythmicity. The media workers, on the other hand, are task
generalists; they were either found foraging most of the time or were restricted to
their colonies, perhaps taking care of the queen and her brood (Shama et al.,
2004b). Interestingly, clock periods in the rhythmic media workers changed from
less than 24 h to greater than 24 h, and vice-versa, which reflects a possible
switching of activity patterns from nocturnal to diurnal or diumal to nocturnal,
suggesting that media workers are involved in shift work in the colony (Sharma et
al., 2004c). The activity of minor workers on the other hand, neither entrained to
light/ dark (LD) cycles nor did it show any sign of free-run in DD, which matches
well with their role as nurses in the colony. The activity patterns of different
castes of the ant species C. compressus thus seem to be well suited for the

tasks assigned to them in a their colonies (Sharma et al., 2004b).
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Migratory birds use circadian clocks to keep track of rapidly changing day
lengths in order to navigate to a more favorable climate at a specific time of the
year (Dunlap et al, 2004). European starlings use circadian clocks to
compensate for changing position of the sun on long-distance journeys
(Hoffmann, 1960). Monarch butterflies Danaus plexippus, use circadian clocks to
undertake migratory flights every fall from northeastern America to their over-
wintering grounds in central Mexico (Froy et al., 2003). Golden-mantled squirrels
enter hibernation in autumn when day lengths begin to shorten and mean daily
temperature starts to drop (Dunlap et al., 2004). 1t is believed that these animals
use circadian clocks to measure day lengths in order to prepare themselves for
hibernation at an appropriate time of the year. On average, hibernations last for
about 7 months with periodic wake-up bouts for sustaining brain and kidney
functions through long winters. These wake-up bouts are also regulated in part
by circadian clocks (Dunlap et al, 2004), as SCN-ablation caused marked
changes in the duration of wake-up bouts and the duration of hibernation (Ruby
et al., 1996; 1998). Regular wake-up bouts are crucial even under hibernating
conditions for rationing limited fat supply to last for the entire winter, as wake-up
bouts are associated with muscular shivering and are metabolically expensive
(Dunlap et al., 2004). These studies thus serve as a suggestive evidence for
proximal advantages that circadian clocks could provide to their owners.
However, they by no means should be taken to suggest that circadian clocks

provide an evolutionary selective advantage.
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Evidence from studies on latitudinal clines

Organisms living in temperate regions experience drastic changes in photoperiod
and temperature, ranging from longer days and high temperatures in summer to
very short days and subzero temperatures in winters. Organisms exposed to
such extreme environmental conditions need to time their behaviors
appropriafely, and it is believed that circadian clocks play an important role in
achieving that (Pittendrigh and Takamura, 1989). Studies on a number of strains
of D. littoralis originating from a wide range of geographic locations at different
latitudes, conducted to examine the clock properties of strains distributed over a
wide range of geographical locations in order to understand how these species
cope up with the seasonal changes, revealed a weak latitudinal trend in phase
and period of eclosion rhythm (Lankinen, 1985). The northern strains had shorter
r and earlier phase of eclosion compared to the southern strains (Lankinen,
1985). Similarly latitudinal clines for phase and amplitude of eclosion rhythm
were also reported in D. aurana (Pittendrigh and Takamura, 1989). Since
amplitude of circadian rhythms respond to changes in photoperiod as well as
temperature, it was concluded that these insects use circadian clocks to track
seasonal changes in their environment (Pittendrigh et al., 1991). Latitudinal
clines for adult diapause was reported in fifty-seven European populations of D.
littoralis, where the northern populations responded to longer critical day lengths
compared to the southern populations {Lankinen, 1985). In a separate study,
clinal patterns in threonine-glycine (Thr-Gly) repeats were found at the period

(pen locus in European and North African strains of D. melanogaster (Costa et
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al., 1992) and D. simulans (Rosato et al., 1994). The northern strains showed
higher frequency of (Thr-Gly),; compared to the southern strains (Thr-Gly)z
(Costa et al., 1992; Rosato et al., 1994). Further studies on the locomotor activity
rhythm in these populations done at two different temperatures (18 °C and 29 °C)
revealed that circadian clocks of the (Thr-Gly),e variants had the most efficient
temperature compensation ability, while this was not the case for the (Thr-Gly)7
variants, and they showed period shortening at lower temperatures (Sawyer et
al., 1997). Since clinal variation in phase and period are believed to have arisen
as a result of natural selection, presence of such latitudinal clines can be taken
as an indirect evidence for the adaptive evolution of circadian clocks (Pittendrigh
and Takamura, 1989; Lankinen, 1985).

Evidence from fitnhess studies

The assumption that circadian clocks influence fitness traits had formed the basis
of a number of studies aimed at addressing adaptive significance of circadian
rhythms. Several studies had been carried out to investigate the role of circadian
clocks in regulating life history traits such as pre-adult development time and
adult lifespan. In one such study on the per mutants of D. melanogaster, which
display circadian rhythms with widely different periodicities, pre-adult
development time was measured under continuous dim light {LL), very bright
continuous light (VLL), continuous darkness (DD), light/dark (LD) cycles of 12:12
h, and LD 12:12 h superimposed with temperature cycles (LD 12:12 T).

Development time of the per mutants was positively correlated with the r of their

circadian clocks under DD, i.e. the per® flies (r = 19 h) developed faster than the
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wild type flies (r = 24 h), which in turn developed faster than the per* flies (¢ = 28
h) (Kyriacou et al., 1990). The correlation between development time and clock
period remained unchanged under VLL, wherein flies are rendered arrhythmic
(Konopka, 1972; Konopka et al., 1989). Moreover, development time and clock
period showed positive correlation even under LD cycles, and in LD
superimposed with temperature cycles (LD 12:12 T), wherein flies of different
genotypes were entrained to a common 24 h periodicity. A positive correlation
between development time and clock period observed even in absence of the
overt rhythmicity under LL regime, and also under entrained conditions such as
those prevailing under LD cycles suggests that per mutations have pleiotropic
effects on clock period and pre-adult development time (Kyriacou et al., 1990). In
a recent study in D. melanogaster, pre-designed to bypass such pleiotropic
effects, we have demonstrated that the developmental time and the period of
eclosion rhythm were positively correlated (i.e. faster eclosion rhythms were
associated with faster development and slower eclosion rhythms were
accompanied by slower development), which suggests that pre-adult
development time in Drosophila is largely determined by the periodicity of LD
cycles and/or of eclosion rhythm (Paranjpe et al., 2005). In a separate study on
the melon fly (Bactrocera cucurbitae) that involved selection for faster and slower
pre-adult development, faster developing lines were found to have faster
circadian clocks and slower developing lines had slower circadian clocks
(Miyatake, 2002). The timing of behaviors such as locomotion and preening was

also significantly shifted to earlier hours of the day in faster developing lines
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compared to the slower developing lines. The mating peaks in the faster
developing lines occurred close to the dusk while most flies from the slower
developing lines mated during the night (Miyatake, 1997). The 7 of locomotor
activity rhythm under DD was shorter (r ~ 22.6 h) in faster developing lines and
longer (z ~ 30.9 h) in slower developing lines (Shimizu et al., 1997). Thus,
selection on development time in this study resulted in changes in clock
properties indicating some link between circadian clocks and life history traits.
However, the robustness of such conclusion is limited by the fact that association
between development time and period of circadian clocks in this as well as other
previous studies shows very little effect of light regime.

Circadian clocks have also been implicated in the regulation of life span.
In a study on the tau mutant hamsters, heterozygous (r ~ 22 h) animals were
found to live shorter under laboratory LD (14:10 h) cycles than the wild type
animals (r ~ 24 h), but on average the life span of homozygous animals (7 ~ 20
h) and wild type animals did not differ (Hurd and Ralph, 1998). Contradictory
results were obtained in a similar study performed under DD conditions; here the
homozygous animals were found to live significantly longer than the wild type
controls, while the average lifespan of heterozygote animals did not differ from
those of the wild type controls (Oklejewicz and Daan, 2002). Such differences in
outcome of two otherwise similar experiments could arise due to the fact that the
two studies were performed under different environmental conditions and
environmental factors are known to influence both clock and life span to a great

extent (Kyriacou et al., 1990; Hurd and Ralph, 1998; Sheeba et al., 2000;
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Sharma and Joshi, 2002). In a separate study in fruit flies D. melanogaster, role
of circadian clocks in determining life span was investigated. The lifespan of per’

(short period mutant, = 16 h), and per* (long period mutant, = = 29 h) mutants

was considerably reduced compared to the per” (wild type, r = 24 h) flies, even
when flies were maintained under LD cycles with periodicities closer to the
endogenous periodicity of the mutant lines (Klarsfeld and Rouyer, 1998). This
suggests that lifespan of D. melancgaster is not regulated by circadian clocks
rather it is determined by the genotype of the flies, which suggests pleiotropic
effect of per mutations on clock period and lifespan. Therefore, evidence in hand
for the role of circadian clocks in controlling life-history traits is circumstantial and
merely suggestive in nature.

Circadian clocks have also been implicated to play crucial role in the
regulation of reproductive output of D. melanogaster. Studies on the loss of
function mutants of some of the clock genes in D. melanogaster such as period,
timeless, cycle, and Cilock (per®, tim°, cyc® and CiK™) revealed that a single
mating among the clock-deficient phenotypes yields ~ 40% lesser progeny
compared to the wild type flies (Beaver et al., 2002). In general, nult mutants laid
fewer eggs, out of which only a few developed as adults (Beaver et al., 2002).
Further experiments on the per® and the tim® flies revealed that the amount of
sperm released from the testes to seminal vesicles of males was also
significantly reduced in the null mutants compared to the wild type flies (Beaver
et al., 2002). Although, the loss-of-function mutants clearly had reduced

reproductive output in Drosophila males and females, involvement of circadian
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clocks remained unclear and intriguing. Interestingly, egg-laying is rhythmic in
flies from a wide range of genotypes, transcripts of per, and protein levels of per
and tim do not oscillate in the ovaries of Drosophila females (Hardin et al., 1994),
and constitutively high level of PER and TIM proteins were found in the follicle
cells of developing oocytes throughout the day (Beaver et al., 2003). Studies
have also shown that PER and TIM interact in these follicle cells but do not
translocate into the nucleus, thus leaving the clock mechanisms truncated
(Beaver et al., 2003). It remained unclear for a long time as to what could be the
functional role of the clock genes per and tim in the fly ovary. In a recent study,
Beaver and co-workers (2003) demonstrated that lack of functional per and tim in
virgin females results in significantly fewer mature oocytes in the per’ and the
tim° flies compared to the wild type flies. Rescue of clock function in per® mutants
by ectopically expressing per in the lateral neurons alone did not enhance the
production of mature oocytes, suggesting that per and tim may have non-clock
like functions in the ovaries (Beaver et al., 2003).

Fitness components such as development time, reproductive output as
well as circadian rhythms are multigenic traits, and the underlying genes may
have pleiotropic effects (Sokolowski, 2001). Therefore, it is fair to speculate that
mutations altering circadian phenotypes may simultaneously reduce reproductive
fitness via mechanisms that could be independent of circadian machinery.
Alternatively, manipulations in certain genes or processes closely associated with

fitness traits may alter clock phenotype, through clock independent processes.
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Evidence from circadian resonance studies

It is believed that at the very advent of early life forms on our planet several
temporal patterns were present, however, only those that matched environmental
periodicity managed to survive. Motivated by this thought, Pittendrigh and Bruce
(1959) proposed the ’circadian resonance. hypothesis”, according to which
organisms with clocks periodicities matching those of cyclic environment would
perform “better” compared to others with deviant periodicities. If circadian
resonance was the driving force behind the evolution of circadian clocks, one
would expect organisms with near-24 h clocks to have greater fitness advantage
under a 24 h environment than in any other periodic or aperiodic environment.
Indeed, fruit flies with near-24 h periodicities were found to live significantly
longer under a 24 h LD cycle than either in 21 h {LD 10.5:10.5 h), 27 h (LD 13
5:13.5 h) LD cycles or under LL (Pittendrigh and Minis, 1972). Blowflies (Phormia
terranovae) reared under 24 h LD cycles lived significantly longer in a 24 h LD
cycle than under any other non-24 h LD cycles {von Saint Paul and Aschoff,
1978). On the other hand, in another study on the per mutants of D
mefanogaster, lifespan of perT {(r = 16 h), and per‘ {(r = 29 h) males was
significantly reduced compared to the wild type flies even under short and long
LD cycles (Klarsfeld and Rouyer, 1998). Inferences on adaptive advantage
based upon lifespan alone could be misleading as reproductive output in many
organisms are known to bear an inverse relationship with lifespan (Bell, 1984,
Partridge and Harvey, 1985; Stearns, 1992; Zwaan, 1999; Sheeba et al., 2000).

This suggests that multiple fitness components should be taken into account to
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assess adaptive significance (Sharma and Joshi, 2002). The most convincing
and perhaps the only unequivocal demonstration of circadian resonance came
from a study on the cyanobacteria Synechococcus efongatus (Ouyang et al.,
1990). In this study, the growth rates of various strains of cyanobacteria with
different clock periodicities were assayed while competing against each other.
Under pure culture conditions in LL, all strains showed similar growth rates, but
the results were different when the wild type (r = 25 h) and two strains with
mutations in the KaiC gene (r = 23 h and r= 30 h) were competed against each
other in various combinations under different periodic environments. When two
strains were mixed in approximately equal proportions and cultured under LD
cycles of 11:11 h and 15:15 h, strains with clock period matching closely those of
the LD cycle always out-competed strains with periods far removed from those of
the LD cycles (Ouyang et al., 1990). These results were reexamined in strains
having mutations on any of the three Kai genes (Kai A, KaiB and KaiC). The
mutant strains thus obtained displayed circadian pericdicities ranging between 22
h to 30 h, and in competition experiments, strains whose periodicity matched
those of the LD cycles out-competed others with deviant periodicities. Thus,
fitness advantages conferred to cyanobacteria via circadian resonance appear to
be independent of the genotype but solely depend upon clock period (Woelfle et
al., 2004). These results underscore the role of circadian clocks in fitness of
organisms, however, are probably valid only under specific conditions such as
periodic environments. Further studies are necessary to apply these results to

other organisms or other environmental conditions.
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Evidence from studies on organisms living under constant environments
An obvious corollary of circadian resonance hypothesis is that circadian clocks

would be less advantageous to organisms living under constant environments
such as depth of oceans, underground caves, or any other aperiodic
environments (Sharma, 2003a). As a result, organisms living under seemingly
constant environments might not have the ability to measure passage of tirhe at
least not on circadian time scale. Under constant environment where there is no
apparent need to synchronize behavioral and physiological processes with the
external environment functional clocks would be expected to confer no obvious
adaptive advantage to their owners. In several laboratory evolution studies it has
been shown that traits that do not confer any adaptive advantage to organisms
are lost from the populations within 100-200 generations due to mutation
accumulation and random genetic drift (Mueller, 1987; Service et al,, 1988).
Further, if the trait in question has some cost associated with it, the loss can be
even faster (Rose et al., 1996; Joshi, 1997). Therefore, one would not expect to
see rhythmic behaviors in organisms living under constant conditions. Further,
even if one does such rhythmic processes may not have the ability to entrain to
periodic environmental cycles, since these organisms do not experience any
periodic environment and therefore there is no advantage of having entrainment
mechanisms. Interestingly reports from studies on organisms living under
constant conditions suggest that all the above mentioned possibilities could be
true. For example, Amblyopsid fishes living under constant environments did not

exhibit a circadian locomotor activity rhythm but showed rhythm in oxygen
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consumption which could not be entrained to LD cycles (Poulson and White,
1969}. Studies on eyeless crayfish revealed that these organisms either do not
show any overt circadian rhythms or if they do, the periodicities were quite
different from 24 hours (Blume et al., 1962). On the other hand, studies on the
cave dwelling millipede Blaniulus lichensteini (Mead and Gilhodes, 1974) and
Glyphiulus cavernicolus (Koilraj et al., 2000) reported persistence of circadian
locomotor activity rhythm. In a separate study, working with four laboratory
populations Sheeba and coworkers demonstrated that flies that had never
experienced periodic environment for over 600 generations exhibit circadian
rhythms of eclosion (Sheeba et al., 1999a), oviposition (Sheeba et al., 2001) and
locomotor activity (Sheeba et al., 2002b). Further, the authors argued that these
flies possess free-running circadian rhythms because clocks confer ‘intrinsic
adaptive advantage’ (Sharma and Joshi, 2002; Sharma, 2003a). On the other
hand, recent experiments on cyanobacteria Synechococcus elongatus suggested
that having functional clocks may not be beneficial and might even be
maladaptive under constant conditions (Woelfle et al., 2004).. Arrhythmic mutant
strains of cyanobacteria always out-competed the rhythmic wiid type strain under
constant conditions. The authors speculate that circadian clocks regulate
metabolic processes in a manner which is not optimal under constant
environment; therefore, functional clocks provide no adaptive advantage under
constant environment and may even be detrimental to the organism’s well being
(Woelfle et al., 2004). These results, thus, contrast earlier predictions on intrinsic

adaptive value of circadian clocks (Sharma and Joshi, 2002} and suggest that
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circadian clocks may not confer any advantage to organisms inhabiting constant

environments.

»
1.5 Rationale of the present study

The ubiquitous occurrence of circadian clocks across different levels of
complexity and organization has been taken to suggest that they confer some
adaptive advantage to organisms living on our planet (Sharma, 2003a).
Organisms can be thought to gain two types of advantages by having functional
circadian clocks - (i) “intrinsic advantage” gained by coordinating various cyclic
metabolic processes within the internal milieu and (i} “extrinsic advantage”
accrued by synchronizing various metabolic and behavioral processes with
periodic external environment (Sharma, 2003a). Although, there is hardly any
empirical support for adaptive significance of circadian clocks, there has been
several circumstantial evidence from studies on free-living animals suggesting
extrinsic advantage of circadian clocks (Paranjpe and Sharma, 2005). Most
studies suggest that synchronizing behavioral rhythms with the external cyclic
environment is crucial for organisms living in wild and, therefore, lack of
functional timing mechanisms can prove to be fatal (Daan and Tinbergen, 1980;
Daan, 1981; DeCoursey et al., 1997). In contrast, under constant environments
such as depth of the sea or subterranean caves, where there is no apparent
need for organisms to synchronize their behaviors, clocks may not be of any
adaptive advantage. The results of a number of studies on organisms living

under constant conditions (Blume et al., 1962; Poulson and White, 1969; Mead
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and Gilhodes, 1974, Koilraj et al., 2000; Sheeba et al., 1999a; 2001; 2002b)
reveal that such organisms may not exhibit circadian rhythms at the first place
and if they do its ability to entrain to LD cycles may be absent. This brings us to
interesting and yet unanswered set of questions such as: (i) whether organisms
living under constant environments have functional circadian clocks, and (i) if
they do, whether such clocks are able to entrain to periodic environments and
respond to light stimuli similar to the clocks in organisms inhabiting periodic
environments. In my thesis, using four large out bred laboratory populations of D.
melanogaster reared under constant environment for more than seven hundred
generations, | have tried to investigate whether environmental conditions,
particularly light conditions, influence clock properties (Chapter 2, 5).

Most studies on adaptive significance of circadian rhythms suffer from one
limitation or other. Some lack of population-level replication and others true
controls and adequate control on the genetic composition of the populations,
which in many ways limit the potential insights gained from such studies (Sharma
and Joshi, 2002). Majority of the studies were carried out on mutants and highly
inbred lines, which as we now know is likely to yield spurious genetic correlations
between fitness components merely due to genetic drift (Mueller and Ayala,
1981). Further, a number of studies used life span as the sole indicator of fitness,
though it is well known that a fine balance between various life history traits,
resulting from several genetic and environmental constraints, and trade-offs,
constitutes fitness of an organism (Loeschke, 1987; Stearns, 1992; Leroi et al,,

1994). Moreover, for establishing empirically that circadian clocks have adaptive
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value, systematic and rigorous studies need to be done, which should include
demonstration that (i) specific environmental regimes relevant to the frait, in this
case light regimes, have differential effects on fitness, and (ii) the trait in question
evolves differentially under those environmentat conditions (Sharma and Joshi,
2002). The first criterion mentioned above describes phenotypic effects of
environment on the traits in question, which might help in estimating proximal
adaptive advantage of the trait, while the second criterion describes long term
effects, which might help in understanding evolutionary adaptive advantage of
the trait. | therefore decided to investigate the effect of light conditions on a
number of key clock parameters and related life history traits on four replicate out
bred populations of D. melanogaster (LL1, LL2, LL3 and LL4) that had been
reared under constant light, temperature and humidity conditions on a 21-day
discrete generation cycle for more than 700 generations (Chapters 2, 3, 4).

Thé next step towards establishing the adaptive value for circadian clocks
is to demonstrate whether circadian clocks and associated features evolve
differentially under various environments, in this case light regimes. We have
used populations of D. melanogaster reared for more than one hundred
generations under two constant environments, LL and DD, and one periodic
environment LD cycles of 12:12 h to study whether the light response

characteristics of circadian clocks evolve under different light regimes (chapter
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2.1 Introduction to the baseline populations

This section describes the ancestry and maintenance of the four baseline
populations of Drosophila melanogaster used in our study. The baseline
populations also served as ancestral populations for new sets of selection lines
which were reared under different environmental conditions. The baseline
populations (LL1..4) were derived from four separate laboratory populations
(JB1..4) (described earlier in Sheeba et al., 1998; Sheeba, 2001). The four
baseline populations (henceforth will be referred as LL populations) were
maintained in our laboratory at constant temperature (24 + 1°C), constant
humidity (~80-90%) and constant light (~100 lux intensity) on a 21-day discrete
generation cycle. The populations typically consisted of ~1500 adults (roughly
equal number of males and females) in a plexiglass cage (25 x 20 x 15 cm®). For
starting a new generation, the adult flies were provided with banana-jaggery food
supplemented with live yeast paste for 2 days, after which they were allowed to
lay eggs on a Petri plate with fresh banana food medium for about 14 hours.
From these pertri plates, approximately 60-80 eggs were collected into glass
vials (9 cm height x 2.4 cm diameter) 6ontaining ~6ml banana food in which
larvae then developed into adults. Forty such vials were used for each
population. Adult flies emerging from these vials were transferred to plexiglass
cages on the 12™ day after egg-collection, which formed the breeding population
for the next generation. For starting a new generation next set of eggs were
collected after 21 days from the previous egg collection date and adults were

discarded, thus maintaining a 21 day discrete generation cycle.
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2.2 Background

As describe in the earlier section, LL populations used in this study were
maintained under constant environment for several hundred generations. Under
constant environments circadian clocks may not be of any use, and therefore one
would not expect to see circadian rhythmicity in the LL populations. In ¢ontrast to
such expectations, Sheeba and coworkers demonstrated that the LL flies do
exhibit circadian rhythms of eclosion (Sheeba et al., 1999a), oviposition (Sheeba
et al, 2001) and locomotor activity (Sheeba et al., 2002b) even after staying
under constant environment for six hundred generations. Persistence of circadian
rhythmicity does not guarantee that these populations will be able to synchronize
to periodic environments, particularly those that have non-24 h periodicities.
Sheeba and coworkers (1999a) had demonstrated that the LL populations were
able to entrain their eclosion rhythms to LD cycles of 12:12 h. This is not entirely
surprising as the r of eclosion and activity/rest rhythms were close to 24 h, and
entrainment of such rhythms could have been achieved as a result of weak
sensitivity to light. Therefore, it remains to be seen whether LL populations have
the ability to entrain to non-24 h LD cycles, as well as their other wild type
counter parts do.

In this chapter, | have discussed the results of studies on the free-running
and entrainment properties of circadian clocks of the LL flies by assaying three
different behaviors—eclosion (act of adult emergence from the puparium),
activity/rest (or locomotor activity) and egg-laying (or oviposition) rhythms under

two constant conditions such as constant light (LL) and constant darkness (DD)
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and five periodic conditions such as: light/ dark (LD) cycles of 9:9 h (718}, 10:10
h (T20), 12:12 h (T24), 14:14 h (T28) and 15:15 h (730). In the following
sections of this chapter | have discussed the clock properties of the baseline

populations (LL1..LL4).

2.3 Properties of free-running and entrained eclosion rhythm

As eclosion occurs only once in the lifetime of an individual insect, rhythmic
eclosion would require synchronized emergence of several adults from pupal
case, hence this rhythm can be studied only at the population level. Earlier
experiments on D. pseudoobscura and D. melanogaster populations revealed
that eclosion rhythm is not just the consequence of completion of certain
developmental stages but is controlled by endogenous circadian oscillators
(Skopik & Pittendrigh, 1967). Interestingly eclosion rhythms can be phase shifted
in a predictable manner by exposing the flies to light pulses during pre-adult
stages (Pittendrigh and Skopik, 1970). In a series of experiments done on D.
pseudoobsctra populations, it was demonstrated that the phase relationship (y;
defined as the time interval between the peak of eclosion and "lights-on") of the
eclosion rhythm under LD cycles depends upon (i) the r of the rhythm, (ii)
periodicity of the LD cycles (7) and (iii} the PRC (Pittendrigh, 1981). The authors
speculated that Drosophifa brain is the locus of the driving oscillations
(Pittendrigh and Skopik, 1970). Recent studies on D. melanogaster have
demonstrated that the prothoracic gland (PG), a part of an endocrine structure

known as ring gland in Drosophifa, contains functional circadian clocks that time
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eclosion, and that these clocks along with the ones located in ventral-lateral
neurons {LNvs) are necessary for the overt expression of circadian rhythm of
eclosion (Myers et al., 2003).

In an earlier study (Sheeba et al, 1999a) it was shown that the LL
populations exhibit rhythmicity in eclosion with circadian periodicities that could
be entrained to 24 h LD cycles. It would therefore be interesting to further
investigéte (i} whether the LL populations have the ability to entrain to non-24 h
LD cycles, (ii) whether the phase of eclosion rhythm changes systematically
under different LD cycles, similar to those reported for other wild type flies, and

(iii} the range of LD cycles to which the eclosion rhythm show stable entrainment.

2.3a Materials and methods

Eclosion rhythm was assayed in all four baseline populations by collecting eggs
in a short window (6 h) of time and dispensing them at high densities (~350 eggs
per vial} into vials containing ~6 ml of food medium. At this density, the pre-adult
development is staggered and we could get good number of flies eclosing for
more than 10 cycles. Ten vials per population were introduce‘d into each of the
following regimes: LL, OD, T78, 720, 724, T28 and T30. The light intensity used
during the light phase of the LD cycle was approximately 100 lux. Red light of
wavelength greater than 650 nm was used for observations and handling flies in
darkness. Adult flies were collected every 2 h and their number and sex was
recorded. This was continued for about 10 consecutive days. The time series

data obtained for eclosion rhythm from each vial was subjected to Fourier
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spectral analysis using STATISTICA™ (Statsoft, 1995). Statistical significance of
observed peaks in the periodogram for eclosion was tested using modifications
suggested by Siegel (1980). We then calculated the fraction of vials (out of1Q) in
each population exhibiting rhythmic patterns in their eclosion under five different
light regimes, and the percentage of vials in which eclosion rhythm entrained to
the LD cycles. The y of the eclosion rhythm under LD cycles was estimated as
the average time interval between peak of eclosion and ‘lights-on’ over 10
consecutive days. A mixed model ANOVA was carried out on the mean y of the
eclosion rhythm in five periodic light regimes with population as random factor
and light regime and sex as fixed factors, crossed with populations to understand

whether y of the eclosion is different under five different LD cycles.

2.3b Results
About 90% vials from each of the four populations showed circadian rhythm in
eclosion under DD conditions, while eclosion in only 18% vials followed circadian
patterns under LL regime. The percentage of flies showing circadian rhythm of
eclosion under DD was similar for the four populations. The mean 7 of eclosion
rhythm under DD, averaged across four independent populations was 22.85 +
1.71 h (mean + 95% confidence interval, Cl). Representative eclosion patterns
under two constant regimes (LL and DD) are shown in Figure 1. The frequency
distribution of ~ values under DD regime is shown in the Figure 2a.

Eclosion rhythm of most of the vials entrained to five periodic light regimes

(718, T20, T24, 728 and T30). The representative patterns of eclosion rhythm
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under five periodic light regimes are shown in Figure 3. The results of ANOVA on
the y values revealed significant main effect of light regime (F430= 392.78, p <
0.001) and sex (F13= 11.87, p < 0.05). The light regime x sex interaction was
also significant (F430= 4.13, p < 0.05), i.e. males had significantly smaller y than
females in 718 and T20 regimes (Table 1). However, under 724, 728 and T30
regimes the y of eclosion rhythm of males and females did not differ significantly.
Post-hoc multiple comparison using 95% Cl| around the mean revealed that the
of eclosion rhythm under 720 (-7.52 h), T18 (-5.22 h), 724 (-2.06 h), 728 (+3.88
h) and T30 (+7.72 h) regimes were significantly different among each other {p <
0.001). The peak of eclosion occurred relatively earlier as the period of LD cycles
increased from T78 to 730. Under different T cycles, the ratio and ¢ of the
eclosion rhythm showed a systematic functional relationship, with more negative
w values under shorter T cycles, and positive v values under longer T cycles
(Figure 4). The nature of the relationship between (7 /T) and y was similar for

both males and females.

2.4 Properties of free-running and entrained locomotor activity
rhythm
The locomotor activity (activity/rest) behaviour is one of the best studied

circadian rhythms in D. melanogaster. Day active organisms such as fruit flies
show two distinct peaks of activity coinciding “dawn” and “dusk” with minimum or
no activity during the dark hours, with most flies showing clear anticipation of

dawn and dusk (Helfrich-Fdrster, 2000). Extensive studies over past few decades
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have demonstrated that two sets of four-five neurons known as the ventro lateral
neurons (s-LNv) that express a neurotransmitter - pigment dispersing factor
(PDF) are considered to be the ‘core circadian pacemakers’ in the fruit fly
(Helfrich-Forster, 2005). Genetic ablation of these neurons resulted in the loss of
locomotor activity rhythm under DD (Renn et al., 1999). Although LNvs have
been suggested to be necessary and sufficient for the persistence of locomotor
activity rhythm in Drosophila (Frisch et al., 1994), dorsal lateral neurons (LNds),
dorsal neurons (DN1s, DN2s, DN3s), and a few glial cells are also believed to
contribute to the overt expression of the rhythm {Helfrich-Férster, 2005). The
neurotransmitter PDF secreted by the LNvs are believed to coordinate the phase
and amplitude of the oscillations in the pacemaker cells underlying locomotor
activity rhythm in Drosophila (Lin et al., 2004).

In an earlier study Sheeba and cowrkers (2002b) have shown that the LL
populations exhibit circadian locomotor activity rhythm which is entrainable to a
24 h LD cycle. In the present study we have assayed the locomotor activity of
virgin flies from the four LL populations under two constant conditions (LL and
DD), and five periodic regimes ranging from 778 to 730, in order to investigate
the free-running and entrainment characteristics of the circadian locomotor

activity clocks in the LL flies.

2.4a Materials and methods
The locomotor activity behaviour of individual flies from the four LL populations

was recorded under LL, DD, 718, T20, T24, T28 and T30 regimes using
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indigenously developed automated activity monitoring system. The activity
monitoring system is a simple computer-aided device which uses two pairs of
infrared (IR) emitters and sensors that detect the movements of flies in a narrow
glass tube (0.6 c¢cm inner diameter x 4 cm height) (Sharma, 2003c). An
interruption of the IR beam creates an electrical signal which is amplified using
an opto-amplifier unit and sent to an activity monitor which in turn sends the
signals to a computer which stores the data that can be plotted as interruptions
during five minute bins, in a chronological order, to give daily plot of activity called
‘actogram’ (Sharma, 2003c).

The period of the locomotor activity rhythm was calculated using a
regression line drawn through the daily offsets of locomotor activity rhythm. The
offset of activity was taken as phase reference point of the rhythm because
generally in our flies, 6ffsets show less cycle-to-cycle variability compared to the
onsets (Dhanashree Paranjpe, personal observation). Data for a minimum of 7
cycles were used for period estimation. If period of the rhythm matched those of
the LD cycles, the locomotor activity rhythm was considered to be under an
ent_rained state. The  of the locomotor activity rhythm was defined as the time
interval between lights-on and the onset of activity or lights-off and the offset of
activity, under a given LD cycle. The duration of activity was calculated as the

time interval between onset and offset of locomotor activity in each cycle.

2.4b Results
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The locomotor activity was arrhythmic under LL conditions (light intensities ~10
lux), while under DD it free-ran with a mean r of 23.79 + 0.24 h (mean + 95% Cl).
The average duration of activity under DD was 13.65 h. The locomotor activity
rhythm entrained stably to 718, T20, T24 and 728 regimes (Figure 5), and the
average duration of activity was 11.35 h, 13.35 h, 13.97 h and 16.88 h,
respectively. The locomotor activity rhythm of | only about 20% flies entrained to
the 730 regime, while about 70-85% flies showed entrainment under other T
cycles. Further, the y of the offset of activity showed a systematic change with an
increase in the period of the T cycles. The offsets of locomotor activity in both
males and females occurred relatively later under 718 and T20 compared to the

longer T cycles (Figure 6).

2.5 Properties of free-running and entrained egg-laying rhythm

Oviposition or egg-laying is believed to be the outcome of two separate
physiological processes - vitellogenesis and egg retention (Allemand, 1976a;
Allemand, 1976b). Rhythmic egg-laying involves a complex series of events
leading to the deposition of eggs by the female (Allemand, 1976b). This
behaviour is rhythmically exhibited by several species of insects including D.
melanogaster (Allemand, 1976a; Allemand, 1976b; Gruwez et al., 1972; Rensing
and Hardeland, 1967; David and Fouillet, 1973; Allemand, 1977; Sheeba et al.,
2001). Earlier studies on D. mefanogaster females demonstrated that the egg-
laying rhythm persists in individual females sampled from one of the LL

populations (Sheeba et al., 2001). The r of the egg-laying rhythm under DD
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ranged from 12.4 h to 25.84 h. Interestingly the rhythm persisted even under LL,
whereas the locomotor activity and eclosion rhythms were abolished. The egg-
laying rhythm of the LL flies entrained to LD cycles of 12:12 h, with the peak of
egg-laying rhythm coinciding lights-off (Sheeba et al.,, 2001). Furthermore, the
transcripts of per (Hardin, 1994), and the levels of PER and TIM proteins do not
oscillate in the ovaries of Drosophila females (Saez and Young, 1988; Beaver et
al.,, 2003); constitutive high level of PER and TIM proteins were found in the
follicle cells of developing oocytes throughout the day. Previous studies have
also demonstrated that PER and TIM interact in these follicle ceils but do not
translocate into the nucleus, thus leaving clock mechanisms truncated (Beaver et
al., 2003). Thus, the mechanism(s} underlying egg-laying rhythm in Drosophila
appear to be different than those regulating locomotor activity and eclosion
rhythms.

Majority of earlier studies were confined to assaying egg-laying behavior
under LD 12:12 h, but the behaviour of egg-laying rhythm under non-24 h LD
cycles has not been reported. Therefore, we decided to study the egg-laying
rhythm of the LL populations focusing mainly on free-running and the ability to

entrain to non-24 h LD cycles.

2.5a Materials and methods
Oviposition rhythm of females from the LL1..LL4 populations was assayed by
collecting flies that emerged from low density cultures derived from the running

stocks. and by introducing male-female pairs into vials containing ~3 mi food
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medium. Twenty such pairs were set up in each of the five light regimes (LL, DD,
T20, T24, and T28). The flies were transferred to fresh food medium every 4 h
and the number of eggs laid in each vial over the preceding 4 h period was
counted. This was continued for ten consecutive cycles under each light regime.
In case of death or escape of males, replacemént was made from flies from a
mixed sex cohort maintained as backups in the respective light regimes. The
data from females living for the full ten days were used for the analysis, yielding a
final sample size of 18 to 19 females in each light regime.

The time series data obtained for the egg-laying behaviour was subjected
to Fourier spectral analysis using STATISTICA™ (Statsoft, 1995). Statistical
significance of observed peaks in the periodogram was tested using modification
suggested by Siegel {(1980). We estimated the percentage of females {out of 20)
that showed rhythmic egg-laying behaviour under LL, DD, 720, 724 and 728, as
well as the percentage of rhythmic females whose egg-laying rhythm entrained to

the imposed LD cycles.

2.5¢ Results

The egg-laying rhythm had a mean (+ 95% Cl) rof 25.42 + 0.98 h under DD, and
24.63 + 0.68 h under LL, The r of the egg-laying rhythm under DD did not differ
significantly compared to those under LL regime {p > 0.05). But the r of the egg-
laying rhythm under DD regime was significantly greater than the r of the

eclosion rhythm (p < 0.001) and locomotor activity (p < 0.001) rhythms under DD.

In LL and DD regimes, the percentage of flies that exhibited circadian egg-laying
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rhythm was 77.12 + 8.12 (mean + 95% Cl) and 76.77 + 7.04, respectively. The
frequency distributions of r values under LL and DD are shown in the Figure 2b.
Representative patterns of egg-laying rhythm under LL and DD regimes are
shown in the Figure 7. The number of flies that exhibited rhythmic egg-laying,
and among them, those in which the egg-laying rhythm entrained to the imposed
LD cycles, varied substantially among the light regimes. The peak of the egg-
faying rhythm invariably occurred close to lights-off under all the light regimes. In
T20 regime, 90.28 + 12.07 percent females showed rhythmic egg-laying, out of
which 22.74 + 3.66 percent flies entrained to the imposed periodicity of 20 h
(Figure 2b, 8). In 724 regime, 84.61 + 8.75 percent females exhibited rhythmic
oviposition, out of the rhythmic females 35.26 + 11.92 percent entrained to the
imposed LD cycles (Figure 2b, 8). In 728 regime, egg-laying of 89.47 + 14.59
percent females was rhythmic, out of which 57.75 + 28.04 percent showed
entrainment to 28 h LD cycles (Figure 2b, 8). This suggests that the oviposition
rhythm of greater percentage of individuals entrain to 728 regime, indicating that
the limits of entrainment for oviposition rhythm are closer to 28 h as opposed to

eclosion or locomotor activity rhythms.

2.6 Conclusions

The eclosion in majority of the vials followed circadian patterns under DD regime
with a mean 7 of 22.85 + 1.71 h (mean * 85%Cl). The locomotor activity rhythm
of the LL flies free-ran with an average rof 23.79 + 0.24 h (mean * 95%Cl) under

DD, while the 7 of the egg-laying rhythm was 25.42 + 0.98 h (mean + 95%ClI).
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This suggests that circadian rhythms of eélosion, locomotor activity and egg-
laying persist in the LL flies that were maintained for several hundred generations
under constant environment, albeit with different periodicities.

Eclosion rhythm of all the vials from all the four LL populations entrained
to a wide range of LD cycles (718, 720, T24, T28 and T30) (Figure 3), whereas
the locomotor activity rhythm of about 70-85% of flies entrained to LD c¢ycles with
periodicities ranging between 18 and 28 h, and only about 20% flies showed
entrainment to T30 regime. Egg-laying rhythm of about 23%, 35% and 8%
females entrained to 720, T24 and T28 regimes, respectively. The fact that
oviposition rhythm of only 23% females could entrain to 720 regime suggest that
T20 falls close to the limits of entrainment of egg-laying rhythm. Similarly, given
that locomotor activity rhythm of only 20% flies entrained to T30 regime,
suggests that 730 falls close to the limits of entrainment of locomotor activity
rhythm. However, the eclosion rhythm of the LL populations did not reach its
limits of entrainment as it entrained to a wide range of LD cycles (from 778 to
T30). Therefore, the results of our experiments clearly suggest that the LL flies
possess functional clocks that can generate robust circadian rhythms of eclosion,
locomotor activity and egg-laying, which has photoentrainment abilities similar to
their wild type counterparts.

Earlier studies on the LL populations, about 100 generations ago, had
shown that the eclosion, oviposition and locomotor activity rhythms free-ran
under DD conditions and entrained to 724 regime (Sheeba et al., 1999a, 2001,

2002b). We show that the LL populations entrain even to non-24 h LD cycles
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such as 718, T20, 728 and T30. Moreover, as the period of the LD cycle
increased from T18 to T30, the peak of eclosion and the offset of activity shifted
earlier. Thus, they of peak of eclosion and offset of activity showed a functional
relationship with the ratio ¢ /T, similar to those reported for three mammalian
species - P. maniculatus, P. leucopus and M. auratus (Pittendrigh and Daan,
1976) and for the fruit flies D. pseudoobscura (Pittendrigh, 1993). Such
systematic changes in the w of circadian rhythms under a range of LD cycles
suggest that the LL populations can adjust to a range of day lengths while
maintaining a specific timing for their behaviors. The functional relationship
between ¢/ T and y is believed to compensate for the day-to-day variations in
as well as predictable seasonal changes, and thereby, help organisms in
maintaining a stable y with respect to the periodic environment (Pittendrigh,
1981). In other words, it is believed that systematic changes in y as function of ¢
/T under different LD cycles allow organisms to maintain an appropriate ‘temporal
niche’ in their natural environments.

Our results demonstrate that the LL populations possess free-running
circadian clocks and also have the ability to entrain its rhythmic behaviours to a
wide range of LD cycles maintaining a stabley, which suggests that the LL flies
have circadian clocks similar to other wild type flies. This leads us to an intriguing
question as to why circadian clocks and its entrainment mechanisms have been
preserved in the LL populations that have not been exposed to periodic
conditions for more than 700 generations. One can argue that perhaps 700

generations is not long enough time for a trait such as circadian rhythms to
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disappear. However, as mentioned earlier, in several laboratory evolution studies
it has been shown that traits that do not confer any adaptive advantége to
organisms are lost from the populations due to mutation accumulation and
random genetic drift within 100-200 generations (Mueller, 1987; Service et al,,
1988). Further, if the trait in question has some cost to it, the loss can be even
faster (Rose et al., 1996; Joshi, 1997). Therefore, the possibility that the clock
mechanisms have been retained in the LL populations neutrally for 700
generations seems to be unlikely. This suggests that circadian clocks provide
some intrinsic adaptive value to organisms living under constant environments.
Recent evidences in Drosophila have shown that the molecular feedback loops
involving mMRNA and protein products of genes like period (per), timeless (tim),
clock (clk), cycle (cyc), doubletime (dbt), cryptochrome (cry), slimb, vrille, shaggy
and pdp1 form the core mechanism of circadian clocks (Glossop et al., 2003;
Stanewsky, 2003; Williams & Sehgal, 2001). Many of these clock genes have
also been shown to have more than one role to play in clock mechanisms and in
different metabolic processes that have nothing to do with the clock’s rhythm
generating machinery (Sokolowski, 2001j); e.g. Vrille (vri)) gene that encodes a
repressor of Clock transcription. The cry gene is also a target for VRI repression
and homozygous loss-of-function mutants of vri are found to be lethal (Glossop
et al., 2003), suggesting a broader pleiotropic role of vii in the cellular
metabolism. This however does not explain why the LL populations display
photoentrainment ability as good as other wild type flies. We speculate that the

photoentrainment mechanisms of circadian clocks are an integral part of the
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clock’s pacemaking process and therefore are as indispensable as the circadian
clocks themselves {Paranjpe et al., 2003). Indeed, CRY in Drosophila is known
to act as circadian photopigment, as well as a key component of the
circadian pacemaking mechanisms (Stanewsky et al., 1998; Emery et al.,
2000, Krishnan et al., 2001), thus suggesting that entrainment mechanisms
could be an integral part of circadian clockwork. Therefore, the persistence of
circadian clocks and the ability to entrain to a wide range of LD cycles, in the LL
populations could be a consequence of maintaining metabolic processes that are
not directly related to circadian clock mechanisms, and the ability to entrain to
a wide range of LD cycles could to be an indirect consequence of

maintaining the pleiotropic genes in the populations.



Chapter 3

Studies on the
components of fitness in
the baseline
populations-

Pre-adult traits
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3.1 Background

Circadian clocks have been implicated in the regulation of life history traits such
as pre-adult development time and adult lifespan {Kyriacou et al., 1990; Hurd and
Ralph, 1998; Klarsfeld and Rouyer, 1998). It is generally believed that faster
clocks speed up development and shorten adult lifespan, while slower clocks
slow down development and lengthen lifespan. We assayed a number of pre-
adult and adult life history traits in the baseline populations under different light
regimes to study how light regimes influence them, and whether circadian clocks
play any role in mediating such effects. In this chapter, | shall discuss the results
of our studies done on the pre-adult life history traits such as pre-adult
development time, pre-adult survivorship, and pupation height of the baseline

populations.

3.2 Pre-adult development time and survivorship of the baseline

populations
The role of circadian clocks in the pre-adult development of Drosophila

melanocgaster has been studied in the per mutants of D. melanogaster (Kyriacou
et al., 1990). The pre-adult development time of the per mutants was positively
correlated with the 7 of their locomotor activity rhythm, i.e. the per® flies (r= 19 h)
developed faster than the wild type flies (r = 24 h), which in turn developed faster
than the pert flies (r = 28 h) (Kyriacou et al., 1990). A positive correlation
between development time and clock period under dim LL, very bright LL and in

LD cycles suggests that the mutations in the per gene has pleiotropic effects on
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the period and the pre-adult development time. Thus, the genotype that enables
the clocks to run faster or slower, also cause speed up and or slow down pre-
aduit development. In order to bypass such pleiotropic effects one would need to
assay development time in flies sampled from similar genetic background under
short and long day lengths, wherein the circadian clocks would be entrain by
speeding up or slowing down oscillations.

In order to investigate the role of circadian clocks in the regulation of pre-
adult fitness traits we assayed pre-adult development time and pre-adult
survivorship of the four LL populations of D. melanogaster under seven different

light regimes: LL, DD, T18, T20, T24, T28 and T30.

3.2a Materials and methods

From the running culture of each population {LL1..4), eggs laid on banana
medium over a 2 h window were collected for the assay. Exactly 30 eggs were
dispensed into 8 dram vials containing ~ 6 ml banana food and 50 such vials
were set up from each population. Ten vials from each population were
introduced into LL, DD, 718, T20, T24, T28 and 730. Thus a total of 280 vials
were set up for the assay (10 vials x 4 populations x 7 light regimes). These vials
were introduced into five LD regimes at 20:00 h, when lights went off
simultaneously in all of them. The vials were monitored for eclosion of adult flies
after the pupae became dark. Eclosing adults were collected every 2 h, sexed,
and counted. Fluorescent white light of intensity ~100 lux was used during light

phase, whereas during dark phase red light of A >650 nm was used.
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Temperature and relative humidity in the all assay environments monitored
continuously using a Quartz Precision Thermo-Hygrograph, Isuzu Seisakusho
Co, LTD, were found to be comparable.

Pre-adult development time in hours was calculated as the duration
between the midpoint of the egg collection window, and the midpoint of the 2 h
period during which eclosion occurred. The mean development time for a
particular sex in a particular light regime was used as data in a mixed model
analysis of variance (ANOVA), in which replicate populations were treated as
random blocks, and light regime and sex were treated as fixed factors. Pre-adult
survivorship was calculated as the fraction of eggs that successfully developed
into adults in each vial. The mean pre-adult survivorship values were used as
data in a mixed model ANOVA, with replicate populations as random blocks, and
light regime as a fixed factor. The eclosion profiles of flies under different light
regime development time data of individual flies from all four replicate

populations were pooled and compared using Kruskal-Wallis test.

3.2b Results

ANOVA revealed a significant main effect of light regime on the pre-adult
development time (Fsis = 311.70, p < 0.001) (Figures 1, 2). The mean
development time of males and females was shortest under LL, followed by 7718,
720, DD, and T24, 728 & T30, in that order (Figures 1, 2; Table 1, 2). Multiple
comparisons using 95% CI| around the mean indicated that the development time

of flies under most light regimes were significantly different from each other,
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except for 724, 728 and T30. ANOVA also revealed a significant main effect of
sex (Fr3= 151.84, p < 0.05), and iight regime x sex interaction (Fs 8= 7.85, p <
0.001). Multiple comparisons using 95% C! around the mean showed that the
females developed faster than the males under all the seven light regimes, and
the male-female differences in development time was greatest under 728 and
T30 regime, followed by DD, 724, LL, 778 and T20 regimes. Eclosion appeared
to be bimodal under T24, 728 and 730, and the bimodality was more prominent
in females than in males (Figure 1). In order to compare the waveforms of
eclosion under different light regimes Kruskal-Wallis test was performed. The test
showed that the light regimes had a significant effect on the eclosion profile of
males [H (6, N = 3443) = 2582.053, p < 0.001] and females [H (68, N = 3717) =
2722.088, p < 0.001]. The Kruskal-Wallis test thus further reconfirmed our results
from the ANOVA, Although eclosion waveforms under no two light regimes were
similar, the dissimilarity was more striking under 724, 728 and T30. The test also
revealed that mean development time of males and females was shortest under
LL, followed by T18, 720, DD, 724, 728 and T30, in that order.

The periodicity of eclosion rhythm under DD, 718, 720, T24, 728 and T30,
were 23.5 h, 18 h, 20 h, 24 h, 28 h and 30 h, respectively, while eclosion was
arrhythmic under LL (Paranjpe et al., 2003). The peak of eclosion rhythm under
different light regimes in the eclosion rhythm assay (section 2.3¢; see also
Paranjpe et al., 2003) matched closely the peak of eclosion observed in our
development time assay (Figure 1). Further, the mean development time of the

males and females under six light regimes (DD, 718, 720, T24, 728 and T30)
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showed a significant positive correlation with the mean period of eclosion rhythm
under the corresponding environments (7 = +0.85, p < 0.001 & +0.82, p < 0.001;
Figure 3).

The ANOVA on the pre-adult survivorship data revealed a significant main
effect of light regime (Fg 15= 7.80, p < 0.001). Multiple comparisons using 95% ClI
around the mean showed that while pre-adult survivorship under LL, DD, 724
and T28 regimes was comparable, they were significantly different than those

under T20, T18 and T30 regimes (Figure 4).

3.2¢ Discussion

In D. melanogaster the circadian clocks that regulate adult eclosion are located in
the prothoracic gland and in the ventral lateral neurons (Myers et al., 2003}, and
it is believed that these clocks play a key role in the regulation of pre-aduit
development (Qui and Hardin, 1996). Under environments wherein eclosion is
arrhythmic, such as bright LL, the development time is solely determined by the
developmental state of a fly, and under such a situation pre-adult development
time would reflect the minimum time required by the fly to undergo different
stages of pre-adult development. On the other hand, environments such as DD
and LD cycles, wherein eclosion is rhythmic, an interaction between the
developmental state of the fly and the eclosion clock would determine the
duration of pre-adult development, and the developmental time would then be
expected to be different than those under LL. In a previous study on the four

Drosophila populations (JB1..4) reared under LL (the ancestral populations of the
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flies used in the present study), Sheeba and coworkers (1999b) had reported that
the development time of the LL reared flies was shortest under LL regime,
followed by 724, and DD. In the present study too development time was
shortest under LL, followed by 718, 720, DD, T24, 728 and T30, in that order. As
opposed to LL, eclosion under DD is gated in a circadian manner, and as a result
flies took longer to develop compared to that in LL. We believe that the slight
discrepancy in the results of the two studies could be due to the fact that different
set of flies (about 100 generations apart) with different clock periods were used in
the two experiments. It is important to note here that the r of eclosion rhythm of
JB populations under DD was greater than 24 h, whereas those of LL
populations was less than 24 h. Thus, consistent with our speculations, JB
populations with ¢ > 24 h took longer to develop under DD compared to T24
regime, whereas LL populations with r < 24 h developed faster in DD compared
to 724.

The mean development time under six different light regimes (718, T20,
DD, 724, T28 and T30} showed a significant positive correlation with the mean
period of eclosion rhythm under the corresponding light regimes; i.e. shorter
period of eclosion rhythm under 778 and T20 was associated with faster pre-
adult development, followed closely by DD, whereas flies took longest to develop
under the light regimes where the periods of eclosion rhythms were 24 h, 28 h
and 30 h, suggesting that development in D. melanogaster is regulated by the
periodicity of the LD cycles and/or eclosion rhythm. These results are in

agreement with the findings of previous studies, wherein the duration of pre-adult
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development was reported to be positively correlated with clock period (Kyriacou
et al., 1990; Shimizu et al., 1997; Miyatake, 1997). A subtle but significant
difference between the outcome of present study and those of previous studies is
that, the correlation between developmental time and eclosion period in our study
is clearly mediated via the periodicity of LD cycles and/or of eclosion rhythm,
whereas in previous studies, it appears to depend upon the genotype of the flies.

Although development time in our study was greater under 728 and T30
compared to 724, the differences did not reach levels of statistical significance,
possibly due to some interactions between the developmental states, the period
of LD cycles, and the eclosion profiles. A careful analysis of eclosion profiles
under 724, T28 and T30 regimes revealed that the eclosion under 724, 728 and
T30 was bimodal. To complicate the matter further eclosion patterns of the
females had a greater propensity towards bimodality than the maies. Kruskal-
Wallis test confirmed that eclosion profiles of the male and the female flies under
724, T28 and T30 were significantly different (Figure 1).

A positive correlation between period of eclosion rhythm and pre-adult
development time suggests that speeding up or slowing down of pre-adult
development could be a physiological manifestation of the developmental or
eclosion clock. Moreover, the mean development time under 728 and T30 did not
increase proportionately relative to 724, in fact in females, it actually decreased
under 728 and T30 regimes compared to 724 indicating that development time
under 724 might be the longest. Thus, there appears to be a limit to which the

development of Drosophila can be slowed down by lengthening clock period. On
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the other hand, it appears that we have not yet reached the limit for fastest
development. However, it is interesting to note that manipulating development
time by making it faster or slower using eclosion rhythm or LD cycles has a cost
attached to it. The pre-adult survivorship under 718 and T30 was significantly
reduced compared to those under T20 which in turn was significantly less
compared to those under 724 and 728 regimes. Therefore, the extent of
deviation of the period of LD cycles and/or eclosion rhythm from 24 h seems to
have an adverse effect on the pre-adult survivorship. Since pre-adult survivorship
is an important life history trait and a good indicator of overall fitness, our results
could be taken as an validation for circadian resonance hypothesis which states
that organisms with clock periods matching those of the cyclic environment
perform "better” compared to others with deviant periodicities (Pittendrigh and
Bruce, 1959).

In summary, our study clearly demonstrates that the pre-adult
development of D. melanogaster can be speeded up or slowed down, albeit
within a range of day lengths, without increasing the cost in terms of pre-adult
survivorship, but speeding up or slowing down beyond a limit becomes
detrimental. Adverse effects of speeding up development on other life history
traits have been reported earlier in life history evolution studies in D.
melanogaster (Chippindale et al., 1997 Prasad et al., 2001). In these studies,
directional selection for faster development in D. melanogaster populations lead
to the reduction in a number of life history traits such as pre-adult survivorship,

pupation height, larval growth rates (Chippindale et al., 1997; Prasad et al.,
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2000), and larval feeding rates and dry weights at eclosion (Nunny, 1996;
Chippindale et al.,, 199% Prasad et al., 2001) as a correlated response to
imposed selection pressure.

Although, our study suggests that periodicity of the light regimes, and/or
eclosion rhythm has measurable effect on two key pre-adult life history traits, it is
not yet clear whether such effects could be merely due to differences in the
photoperiods, and not due to the periodicity of the LD cycles. Therefore, we
decided to investigations the effect of photoperiods on the pre-adult development
time of the LL populations by exposing flies to different photoperiods inalLD

cycle of 24 h period.

3.3 Pre-adult development time and survivorship of baseline

populations under different photoperiods

It is clear from the results of our previous experiments (described in the section
3.2) that the duration of pre-aduit development is regulated by the length of LD
cycles and/or the period of the eclosion rhythm. It is also possible that the
duration of pre-adult development in D. melanogaster is determined by the light
(photo-period) or dark (scoto-period) rather than the total length of LD cycles. To
examine these possibilities we assayed the pre-aduit development time of the
four LL populations under different photoperiodic regimes such as LD cycles of
915 h, 10:14 h, 12:12 h, 1410 h and 15:9 h. Although, the duration of
photoperiod was increased from 9 h to 15 h, thus, mimicking the duration of light
under different T cycles (T18 to T30), total length of the LD cycles in these

experiments was kept constant at 24 h. If the duration of light or darkness is
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crucial for the regulation of development time, one would expect that
development time under a given photoperiods (or scoto-period) would be similar
to that under the corresponding T cycle. if the total length of T cycle is crucial in
the determination of the duration of pre-aduit development, the development time

under different photoperiods would be comparable to those under 724 regime.

3.3a Materials and methods

The protocol used in the pre-adult development time assay was essentially
similar to those described for other assays under the section 3.2a, except that
from each of the four baseline LL populations ten vials containing exactly 30
eggs (10 vials x 4 populations) were introduced into LD cycles of 9:15 h, 10:14 h,
12:12 h, 14:10 h and 15:9 h. Lights went off in the photoperiodic regimes at
exactly 2000 hrs. The vials were then regularly monitored for eclosion of adult
flies after the pupae became dark. Eclosing adults were collected every 2 h,
sexed, and counted. Pre-adult development time in hours was calcuiated as the
duration between the midpoint of the egg coliection window and the midpoint of
the 2 h period during which eclosion occurred. The mean development time of a
particular sex in a particular light regime was used as data in a mixed model
analysis ANOVA, in which replicate populations were treated as random blocks,

and light regime and sex of the fly were treated as fixed factors.
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3.3b Results

The results of the ANOVA revealed significant main effect of light regime (F =
25.90; p< 0.001; Figure 5) and sex (F = 115.40; p< 0.05) on the pre-adult
development time. Post-ho¢c multiple comparisons using 95% Cl| around the
mean revealed that the flies took longest to develop under LD 12:12 h followed
by LD 15:9 h, and the least under LD 14:10 h, LD 10:14 h & LD 9115 h
photoperiods. Thus, the development time decreased with a decrement in the

duration of the photoperiod except when the LD regime was 12:12 h.

3.3c Discussion

The photoperiods in our study were chosen such that the duration of the
photoperiod could mimic the light phase under various T cycles (T18 to T30). The
results of our study showed that the pre-adult development time differed
significantly under photoperiods ranging from 9 h to 15 h. The flies took the
longest to develop under LD 12:12 h, followed by LD 15:9 h, LD 9:15 h, LD 14:10
h and the least under LD 10:14 h photoperiods. Thus, in contrast to our
expectations the development time of the flies observed under different
photoperiods neither matched their duration of pre-adult development under
corresponding T cycles, nor to those under 724 regime, rather it was
intermediate, which suggests that besides the photoperiod the light : dark (L:D)
ratio may alsc play an important role in the regulation of pre-adult development in

D. melanogaster. To the best of our knowledge ours is the first detailed study of
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its kind on the effects of light regimes on the pre-aduit development time of
Drosophila.

3.4 Pupation height of baseline populations

Pupation height, the height above the food medium at which Drosophila larvae in
laboratory cuilture vials pupate, is genetically variable (Markow, 1979; Bauer,
1984), sensitive to various environmental factors such as the texture of food (De
Souza et al., 1970), temperature, relative humidity and larval density (Sokal et
al., 1960; Joshi and Mueller, 1993), and is known to change as a correlated
response to selection on a variety of life-history traits (Mueller and Sweet 1986;
Joshi and Mueller, 1996; Chippindale et al., 1997; Prasad et al., 2001). it has
been suggested that pupation height in Drosophila reflects energy expended by
larvae during the post-feeding wandering phase (Chippindale et al., 1997). This
notion is supported by the finding that pupation height tends to decrease in
populations selected for rapid development, as part of a syndrome of reduced
energy expenditure in the pre-aduit stages (Chippindale et al., 1997; Prasad et
al., 2001).

Earlier studies on light regime effects on pupation behavior in D.
melanogaster have shown that D. melanogaster larvae tend to pupate higher
under DD than under LL (Markow, 1979; Schnebel and Grossfield, 1986), and
when given a choice between illuminated and dark sites, prefer to pupate in dark
sites (Rizki and Davis, 1953; Markow, 1981; Manning and Markow, 1981). These
findings led to the view that light has an inhibitory effect on the wandering of

post-feeding larvae and that greater pupation height of D. melanogaster
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populations in the dark is perhaps an adaptation enabling larvae to avoid bright
places with enhanced risk of heat stress, desiccation or predation (Markow,
1979; Manning and Markow, 1981; Schnebel and Grossfield, 1986). If this is
correct, one can predict that pupation height of D. melanogaster under different
LD regimes should be intermediate between that under LL and DD conditions. In
any LD regime, depending on the phase at which larvae begin wandering, they
will experience either light or darkness for some period of time. Thus, at most,
the pupation height in an LD regime could equal that in either DD or LL, but
should not be more extreme than that in these two constant conditions. On the
other hand, if circadian clocks are involved in some way in gating or otherwise
affecting the initiation of wandering or pupariation, or the duration of wandering,
pupation height could be affected by LD regimes in many ways, potentially
differing from the prediction made above. In D. melanogaster, it is not clear if
pupariation is under circadian control (Bakker and Nelissen, 1963; Pittendrigh
and Skopik, 1970), although circadian control of pupariation has been
demonstrated in a few species of scaptodrosophilids (Rensing and Hardeland,
1967; Eeken, 1974). To understand how light regimes influence pupation height
we measured pupation height in four populations of D. melanogaster under LL,

DD, and five different LD regimes.

3.4a Materials and methods
From the running culture of each baseline population, eggs laid over 2 h window

on banana-jaggery food medium were collected for the assay. Exactly 30 eggs
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each were dispensed into 8 dram vials containing ~ 6 ml food. Forty such vials
were set up for each population. Eight vials of each population were introduced
into each of five light regimes: LL, DD, 718, T20, 724, 728 and 730. Thus, a total
of 280 vials were set up (10 vials x 4 populations x 7 light regimes). The vials
were introduced in the assay light regimes at 20:00 h, when the lights went off in
all LD regimes simuitaneously.

Fluorescent white light of intensity ~100 lux was used for the light phase,
whereas during the dark phase a red light (A > 650 nm) was used for ease of
observation and handling of vials. Red light with wavelengths > 650 nm is
considered to be ‘safe light' in dark phase as these wavelengths of light are not
perceived by the Drosophila circadian system (Chandrashekaran et al., 1973).
Temperature and relative humidity in all light regimes was continuously
monitored using a thermo-hygrograph (Quartz Precision Thermo-Hygrograph,
Isuzu Seisakusho Co, LTD). Temperature was maintained at 25°C (+ 1°C) and
relative humidity at ~70% (£ 5 %). |

After all the individuals eclosed, pupation height was measured as the
distance from the surface of food medium to the point between the anterior
spiracles of the pupa, with any pupa touching the surface of the medium being
given a pupation height of zero (Mueller and Sweet, 1986). Individual pupation
heights were used as data for a mixed model nested analysis of variance
(ANOVA) in which replicate populations were treated as random blocks, light
regime as a fixed factor crossed with block, and vial as a random factor nested

within the light regime x block interaction. Multiple comparisons among mean
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pupation height in different light regimes were done using Fisher's LSD test. All
analyses were implemented on STATISTICA™ for Windows Release 5.0 B

(StatSoft inc., 1995).

3.4b Results

Light regime had significant effect on pupation height (Fs 18 = 70.24, p < 0.001),
with the least mean pupation height in 724 and 728, and the greatest mean
pupation height in DD, 718 and T30 regimes (Figure 8). Mean pupation height in
LL was significantly lower than that under DD while under 720 regime the
pupation height was significantly less compared to 718, followed by 724 and T28

regimes (Figure 6).

3.4¢ Discussion

While our observation that pupation height in LL was less than that in DD
confirms earlier observations (Markow, 1979), the fact that pupation height in 724
and 728 is significantly less than that in LL clearly suggests that there is more to
light regime effects on pupation height than just a behavioral inhibition by light. If
light suppresses the tendency of larvae to climb high up the walls of vials for
pupation, it is hard to see why pupation height in T24 and 728 should be less
than that in LL. At most, depending on the phase of initiation of wandering
relative to lights on or off, larvae in T24 and T28 could experience light
throughout their wandering period and, consequently, would be expected to have

pupation heights similar to those seen under LL. If larvae in 724 and 728
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experienced darkness for part of their wandering stage, one would expect
pupation height in these regimes to be intermediate between that seen in LL and
DD.

At the very least, it is clear that these results cannot be explained by the
behavioral inhibition of pupation height by light, as suggested by Markow (1979).
There is clearly some more complex effect of light regime on pupation behavior
at work here, and there may well be some involvement of the circadian
organization in determining pupation height. The trend of pupation height
decreasing with increasing length of LD cycles tempts us to conclude that period
of LD cycles and/or clock might be involved in determining the pupation height,
but for the exception of results under T30 regime which goes against this
speculation. Therefore, we cannot conclude about the exact form of involvement
of LD cycles and/ or clocks. It would probably require not only more studies but
also a better understanding of the genetic control of the initiation of wandering
and pupariation, and the length of the wandering phase to explain such results.
Overall, the results of our study indicate that LD regime may impinge upon the
complex genetic regulation that results in the initiation of wandering and
pupariation in a subtle way, suggesting that further investigation of light regime or

circadian clock effects on pupation need to be done.

3.5 Conclusions

Pre-adult development time and circadian rhythm are both multigenic traits, and

genes involved in regulating development time as well as circadian rhythms are
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known to have pleiotropic effects (Kyriacou et al., 1990). Our study pre-designed
to bypass such pleiotropic effects demonstrates a possible role of the periodicity
of LD environment and/or of eclosion rhythm in determining the duration of pre-
adult development. Pre-adult development can be accelerated or decelerated to
certain extent by speeding up or slowing down circadian clocks by maintaining
eggs under LD cycles of different period. Additionally, the duration of light in the
LD cycles and/or the L:D ratio appears to be an important in determining the pre-
adult development time in D. melanogaster. Taking into account the results of our
experiments under different T cycles and photoperiods, it appears that the
duration of pre-adult development in D. melanogaster essentially depends on
several factors such as the period and phase of rhythm, developmental state, the
interaction between the phase of eclosion rhythm and the phase of the LD
cycles, the total length, L:D ratio and length of photoperiod in the LD cycles.

The pre-adult survivorship decreases as the period of LD cycles and/ or
clock deviates from 24 h. Although, the role of clocks in determining pupation
height remains unclear, pupation height also seems to be affected by light
regimes,

In summery, our results underscore the importance of incorporating
circadian organization 'explicitiy while dealing with life-history traits. Laboratory
studies of various fitness components in D. melanogaster are often conducted
under LL, LD 12:12 h, LD 16:8 h, and sometimes even under fluctuating LD
regimes wherein the timing of lights on and off is a function of when people enter

or leave the laboratory. It is only now clear that light regimes have significant
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effect on most life-history traits in D. melanogasfer (Sheeba et al., 1999b, 2000,
Paranjpe et al., 2005), and given that over 100 genes involved in a variety of
functions are transcribed in a circadian manner in D. melanogaster (McDonald
and Rosbash, 2001}, it is even more likely that many other life-history traits will

turn out to be sensitive to light conditions.
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4.1 Background

in the previous chapter we have shown that light regimes have measurable
effects on the pre-adult fithess components such as development time, pre-adult
survivorship, and that the effects could partly be mediated via circadian clocks.
Furthermore, it is known that light regimes influence important adult fitness traits
such as life span and reproductive output (Sheeba et al., 2000). The evidence $0
far for the role of biological clocks or light regimes in regulating life span of is
inconsistent as discussed in details in the chapter 1 (See section 1.6). We
decided to study the effect of light regime on the adult fithess components such
as lifespan, fecundity, using four LL populations in order to investigate the role of

circadian clocks.

4.2 Lifespan of baseline populations under different light
regimes

Living systems derive primary benefits of having circadian clocks by
appropriately timing their behavioral and metabolic processes with respect to
their external as well as internal environments (Aschoff, 1965; Hastings et al.,
1991; Pittendrigh, 1993, Sharma, 2003a). There exist a number of empirical
studieé both from the field as well as laboratory conditions, demonstrating that
failure in keeping 1ocal time can prove to be fatal for organisms living in periodic
environments. For example, in a study on the guillemot fledglings, lack of
maintenance of appropriate timing for jumping behavior enhanced the predation
of the fledglings by gulls (Daan & Tinbergen, 1980). In a separate study it was

demonstrated that squirrels (Decoursey et al., 1997) and chipmunks (Decoursey



68

et al.,, 2000) became more susceptible to predation when rendered arrhythmic
due to the ablation of their circadian pacemaker (the suprachiasmatic nucleus,
SCN). The lifespan was also found to be reduced considerably when organisms
are maintained under constant light (LL), or under periodic light/dark cycles (LD)
whose periodicities do not match the period of the organism’s clocks (Pittendrigh
and Minis, 1972; von Saint Paul and Aschoff, 1978). Any mismatch between the
environmental and circadian periods (Ketellapper, 1960; Pittendrigh and Minis,
1972; von Saint Paul and Aschoff, 1978; Klarsfeld and Rouyer, 1998; Ouyang et
al.,, 1998), and disturbances in the LD cycles (Halberg and Cadotte, 1975;
Halberg et al., 1977; Nelson and Halberg, 1986), significantly reduced the growth
and survival. These studies suggest that environmental light conditions and/or
the circadian clocks play a major role in the determination of lifespan. However,
the mechanism(s) underlying such effects still remains to be unraveled.

In mammals, a number of rhythms such as those in sleep, body
temperature, and heart rate are disrupted during senescence (Sharma, 2001).
With age, amplitude of rhythms, ability to coordinate various behavioral and
physiological processes, and the ability to synchronize them to environmental
cycles decrease considerably (Sharma, 2001). A few studies have also shown
that certain kinds of manipulations in the circadian clocks, especially those that
alter rhythms either by genetic, physiological or environmental modifications
cause reduction in lifespan (Hendricks et al., 2003; Cirelli et al., 2005; Kume et
al., 2005). For example, in a recent study on two wild type populations of D.

melanogaster it was shown that under DD conditions arrhythmic flies live
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significantly shorter than the rhythmic flies (Kumar et al., 2005). Although the
primary cause of reduction in lifespan was not examined in this study, the
authors argued that the reduction in lifespan of the arrhythmic flies was primarily
due to circadian dysfunction (general malfunctioning of circadian clocks). In a
separate study on the cycle (cyc?d mutant of D. melanogaster that showed
arrhythmic activity/rest patterns under DD, male cyc® flies lived significantly
shorter than the wild type males, while cyc® females, per® and tim° males and
females lived equally well as the wild type flies. This suggests that the loss of
function mutation in the cyc gene causes disruption of circadian rhythms, and/or
sleep, as well as sex specific reduction in lifespan (Hendricks et al., 2003). The
authors argued that lack of sleep, and/or enhanced levels of activity during the
otherwise rest period of the subjective cycle cased reduction in lifespan in the
arrhythmic flies. In a study on the Shaker (Sh) mutants which had a point
mutation in the gene encoding for the voltage-dependent potassium channels,
the mutant flies were found to sleep considerably less compared to the wild type
flies, but showed normal sleep homeostasis and normal response to sleep
deprivation (Cirelli et al., 2005). The Sh mutants too had reduced lifespan
compared to their genetic controls, but unlike the cyc? flies, Sh mutants did not
have any noticeable defect in their activity/rest rhythm. This suggests that the
reduction in lifespan in the Sh mutants appears to be mainly due to lack of sleep,
and/or due to pleiotropic effects of the mutation that impairs voltage-dependent
potassium channels and not due to circadian dysfunction. In a recent study on

the fumin (fmn) mutants of D. melanogaster that displayed increased activity
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levels, lower sleep arousal threshold, and reduced rest rebound in response to
sleep deprivation (Kume et al., 2005), lifespan of both males and females was
similar to their genetic controls, in spite of the fact that fmn flies were more active
than their controls. These results are therefore in sharp contrast to earlier
observations in cyc® and Sh mutants, where reduction in lifespan always
associated with higher levels of activity. Since Sh is a voltage-activated
potassium channel with widespread expression in the nervous system, and cyc is
a broadiy expressed basic helix-loop-helix transcription factor, mutations in these
genes might have more general impact on the physiology leading to shortening
of lifespan (Kume et al., 2005). On the other hand, fmn is a mutation in
Drosophila dopamine transporter (dDAT) gene that affects only the dopaminergic
rieurons, and therefore, might have less severe impact on other physiological
processes {Kume et al., 2005). Therefore, it appears that in addition to circadian
dysfunction, sleep deprivation, enhanced activity levels, and pleiotropic effects of
different mutations such as cyc, Sh could also contribute to the reduction of
lifespan in Drosophila.

It also appears that a number of factors that are directly or indirectly
related to the circadian timing systems such as the clock period, activity levels,
phase relationship with respect to external and internal cycles, and the
reproductive output, contribute one way or other in the determination of lifespan
in D. melanogaster. Previous studies also serve to elucidate complex, multi-
faceted interactions between environmental light regimes, physiological

processes, circadian clocks and life history traits. However, none of these studies
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so far dealt with the factors that could be potentially mediating the effects of light
regimes on physiological well being in an integrated and systematic manner. In
order to investigate the effect of environmental light conditions on the adult life
span of D. melanogaster, we assayed the adult lifespan of virgin and mated
males and females in the four LL popuiations under two constant environments

{LL and DD) and three periodic environments {T20, 724 and T28).

4.2a Materials and methods
From the running culture of each of the LL populations, eggs laid on banana
medium over a 2 h window were collected for the lifespan assays. From each
population, approximately 50-60 eggs were collected into each of 24 vials. The
vials were kept under LL until the adults eclosed. Freshly eclosed males and
females were collected in vials at a density of either 8 males or 8 females per
vial. Five vials of males and five vials of females from each population were
introduced in each of the following light regimes - LL, DD, 720, 724, and 728.
Flies were provided with fresh food every alternate day and the vials were
checked every day for deaths. This procedure was continued until all the flies
were dead. The protocol used to assay lifespan of reproducing flies was similar
to those used for virgin flies except that in this case each vial contained 4 males
and 4 females. Ten such vials were set up per population in each light regime.
The lifespan data of virgin and mated flies was then used to calculate the
mean aduit lifespan (in days) for each population under each light regime. The

mean lifespan data was treated in a mixed model ANOVA where replicate
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populations were treated as random blocks and light regime and sex were

treated as fixed factors crossed with block.

4.2b Results

The results of ANOVA on the lifespan data revealed a significant main effect of
the reproductive status (virgin vs mated) (F12= 183.78, p < 0.001), and the light
regime (F412 = 28.44, p < 0.001) on the adult lifespan. In addition, interactions
between reproductive status and sex (F4 12= 6.73, p < 0.05), reproductive status
and light regime (Fy, 3= 18.9, p < 0.05), sex and light regime (F4, 2= 20.6, p <
0.001), and reproductive status, sex, and light regime (F¢ 12 = 3.51, p < 0.05),
also turned out to be statistically significant (Table 1). Multiple post-hoc
comparisons using 95% CI| around the mean revealed that virgin males lived the
longest under T20, followed by constant environments (LL and DD), and the
shortest under 724 and 728 regimes (Figure 1). The lifespan of mated males was
comparable under all light regimes except LL. Under LL their lifespan was
significantly shorter compared to all other light regimes (Figure 1). Multiple post-
hoc comparisons using 95% Cl around the mean revealed that both virgin and
mated females lived significantly shorter under constant conditions {(LL and DD)
compared to the LD cycies, whereas among LD cycles lifespan of the mated
females was shorter under 720 and T24 compared to 728 (Figure 1). Thus, the
overall pattern of lifespan suggests that flies of both sexes live significantly
shorter under constant environments compared to pericdic environments. The

survivorship curves for virgin and mated males and females are shown in the
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Figure 2. The survivorship curves for the mated males and females were steeper
under all light regimes compared to those for the virgin males and females,
indicating that faster mortality in flies is a consequence of mating. The
survivorship curves for the mated males suggests that their lifespan of virgin
males did not differ much under different light regimes, while those for mated
females differed considerably under different light regimes. The lifespan of virgin
males was negatively correlated with the period of the LD cycies andfor the
locomotor activity rhythm (r = -0.70, p < 0.004), and with the duration of activity (r
= -0.54, p < 0.035) (Figure 3), suggesting that flies whose clocks ran faster and
produced shorter activity durations in the activity/rest cycles live longer than
those whose clocks ran slower and yielded longer activity durations. In case of
virgin females, lifespan and clock period (r = -0.18, p = 0.51) as well as lifespan

and duration of activity (r = +0.29, p = 0.28) did not show any correlation.

4.3 Fecundity of the baseline populations under different light
regimes

It has been convincingly documented in numerous laboratory as well as field
studies on a number of vertebrate and invertebrate species that lifespan is
inversely correlated with reproductive output (Bell, 1984; Partridge and Harvey,
1985; Reznick, 1992, Stearns, 1992; Zwaan, 1999). In Drosophila too, cost of
reproduction has been suggested to be primarily due to courtship, mating and
egg production (Partridge and Harvey, 1985; Partridge et al., 1987; Chippendale
et al., 1993, 1997%. Working with wild type populations of fruit flies Sheeba and

coworkers (2000) showed that lifespan of reproducing flies from four populations
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of D. melanogaster was significantly shorter under LL compared to LD 12 : 12 h
and DD regimes. In reproducing females, the number of eggs laid (fecundity) and
the rate of aging were considerably higher in flies maintained under LL compared
to those kept in DD regime. The reduction in adult lifespan of the mated female
under LL regime was suggested to be partly due to higher reproductive output
(Sheeba et al.,, 2000). This suggests that LL may not be as deleterious as
reported in earlier studies (Sharma and Joshi, 2002), but the results of those
studies could be masked by an artifact of considering lifespan alone as measure
of fitness. In other words taking lifespan alone to assess fitness could be
incomplete, and often misleading, and one must estimate reproductive output in
order to have a complete idea of the fitness advantages.

In earlier studies role of circadian clocks in reproductive output was
investigated in great depth using mutants and wild type D. melanogaster. Studies
on the loss of function mutants of D. melanogaster such as per®, tim°, cyc®, CI™
revealed that a single mating among clock-deficient phenotypes resulted in ~
40% lesser progeny compared to the wild type flies (Beaver et al., 2002). Further,
flies with null mutation in clock genes laid fewer eggs compared to the wild type
flies, out of which only a small fraction successfully developed into adults (Beaver
et al., 2002). Experiments on the per® and tim® flies revealed that the amount of
sperm released from the testes to seminal vesicles in males was also reduced
significantly in null mutants compared to the wild type flies (Beaver et al., 2002).
Extending the line of studies further, Beaver and co-workers (2003)

demonstrated that the loss of function mutations in Drosophila resulted in
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significantly fewer mature oocytes in per® and tim’ flies compared to the wild type
controls, and a rescue of clock functions by ectopically expressing per in the
central pacemaker neurons of per" mutants LNs did not enhance the production
of mature oocytes (Beaver et al., 2003), suggesting that per and fim may have
non-clock like functions in the ovaries (Beaver et al., 2003). This suggests that
the interaction of light regimes, circadian clocks and life history traits might be
much more complex than thought earlier.

In order to investigate the effect of environmental light conditions on the
fecundity of D. melanogaster, we assayed reproductive output of virgin and
mated females in four separate populations of flies under two constant
environments (LL and DD}, as well as three periodic environments (720, 724 and
T28). We planned to include virgin females in our study because virgin females

of Drosophifa are known to lay unfertilized eggs (personal observation).

4.3a Materials and methods

From the running culture of each of LL populations, eggs laid on banana medium
over a 2 h window were collected for various assays. From each population,
approximately 50-60 eggs per vial were collected into 24 vials. The vials were
kept in LL until the adults eclosed. Freshly emerged male-female pairs were
introduced into vials containing approximately 2 ml banana food. Twenty such
pairs from each population were introduced in LL, DD, T20, 724 and T28. Every
day nearly at nearly the same time, the fly pairs were transferred into fresh food

vials and the number of eggs laid by each female over the preceding 24 h
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duration was counted. This was repeated everyday until all the females died. In
the event that a male died during the assay, the dead fly was replaced by
another male of the same age from a backup cohort maintained under the same
light regime. The protocol used for the assay of lifetime fecundity of the virgin
females was similar to those used for the mated flies except that each vial in this
case contained a single virgin female. Fluorescent white light source (intensity ~
100 jux) was used during the light phase of the LD cycles and in LL, whereas red
light of A >640 nm was used during the dark phase of LD cycle and DD. In
addition, the lifespan of the virgin and mated females was estimated during the
lifetime fecundity assay to have a separate confirmation of the resuits from the
lifespan experiments (described under the previous section).

The total number of eggs produced by an individual female over its lifetime
was calculated from the lifetime fecundity assay and the mean across 20 females
was calculated for each population under a given light regime. Daily egg
production per female was calculated by dividing total number of eggs laid by a
female over its entire life time by the total number of days the fly had survived.
The population means for daily fecundity, total fecundity and lifespan of the virgin
and mated flies were used as data in separate mixed model ANOVA where light
regime was treated as fixed factor and block was treated as random factor.
Population means of the daily fecundity and the lifespan of the mated females in
five light regimes were subjected to correlation analysis using STATISTICA™

(Statsoft, 1995).
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4.3b Results

The results of ANOVA on the fecundity data of the mated females revealed a
significant main effect of light regime on the lifetime fecundity (Fg 12= 3.7, p <
0.05), on the daily fecundity (F4 12 = 15.15, p < 0.001), and on the adult lifespan
(Fs 12= 3.39, p< 0.05) (Figure 4). Post-hoc multiple comparisons on the fecundity
data revealed that total fecundity under LL and DD was significantly greater than
that under 724 and 728 regimes. Although the total fecundity under T20 was
higher than those under LL and DD but the differences did not reach statistical
levels of significance. Post-hoc multiple comparisons of the daily fecundity data
suggest that the daily fecundity of the mated females was significantly greater
under constant conditions (LL, DD) compared to the periodic regimes (720, 724,
and T28) (Figure 4). The lifespan of mated females used in the fecundity assay
showed a similar pattern as seen earlier in the lifespan assay. The mated
females lived significantly shorter under LLL and DD compared to 720 and 728
regimes. Although, the lifespan of reproducing females under 724 was greater
than those under LL & DD, the differences did not reach statistical levels of
significance. Further, the lifespan of the mated females was negatively correlated
to the daily fecundity (r = -0.93, p < 0.05), i.e., females that laid more eggs per
day lived significantly shorter than those that laid fewer eggs. The lifespan of the
mated females under five different light regimes, from two separate sets of
experiments (lifetime fecundity assay and lifespan assay) did not differ
significantly (Fs ; = 0.88, p = 0.42), suggesting that the outcome of the two

assays were comparable.
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Results of ANOVA on the fecundity data of the virgin females revealed a
significant main effect of light regime on the total fecundity (F4 2= 4.52, p < 0.05)
and on the daily fecundity (F4 12 = 3.33, p < 0.05) (Figure 4). Post-hoc multiple
comparisons on fecundity data revealed that total fecundity as well as daily
fecundity of virgin females under DD was significantly greater than those under
720, T24 and 728 regimes. Aithough the total fecundity under LL was higher than
that under periodic regimes, the differences did not reach statistical level of
significance. Moreover, the virgin females produced significantly less number of
eggs compared to the mated females under all light regimes (F;, 3= 11.08, p <
0.05). Nevertheless, the patterns of total and daily fecundity were similar under

all five light regimes.

4.4 Discussion

In our study, mated flies of both sexes lived significantly shorter than the virgin
flies irrespective of the light regimes they were assayed in, suggesting that
mating is deleterious for Drosophila. In virgin males, lifespan was negatively
correlated with the period of the locomotor activity rhythm and the duration of
activity, i.e., with increasing period length and increasing duration of activity
starting from 720 and DD to 728, the lifespan of virgin males gradually reduced,
suggesting that lifespan of D. melanogaster virgin males is modulated by the
periodicity of LD cycles and/or activity rhythm or the duration of activity. The
lifespan of virgin females, however, did not show any correlation either with the

period of the LD cycles, or locomotor activity rhythm or with the duration of
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activity, suggesting a sex specific effect of locomotor activity rhythm on the
lifespan, quite similar to those reported in an earlier study on the cyc® mutants
(Hendricks et al., 2003), wherein the cyc® males were reported to live shorter
under LD and DD regimes compared to the wild type controls, whereas the cyc®
females lived as long as the wild type females. Sex specific differences in
lifespan have also been reported in the per mutants of D. melanogaster, where
lifespan of the short period {per’) and the long period (per’) males under short
(16 h) and fong (24 h) LD cycles was reported to be significantly shorter than
those of the wild type males, but the lifespan of the mutant females did not differ
significantly from those of the wild type females (Klarsfeld and Rouyer, 1998). In
our study, the lifespan of mated males neither appears to depend upon the
period of the LD cycles and/or activity rhythm nor on the duration of activity, with
a sole exception of LL regime, where flies remain active through out the day.
Similarly, in an earlier study on four ancestral populations of the flies used in the
present study, mated males were reported to live shorter under LL regime
compared to 724 and DD regimes (Sheeba et al., 2000). in the present study, the
lifespan of the virgin males was longer under 720, DD and LL compared to 724
and T28 regimes. Thus, the light regimes seem to have measurable effect on the
“lifespan of virgin males but not of the mated males. Further, it appears that the
differences in lifespan of the virgin males under different light regimes were
abolished following courtship and mating, which suggests that cost of sex in
Drosophila males could also depend upon environmental conditions (Figures 1,

2). Reduction in the lifespan due to courtship and mating has also been reported
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in several earlier studies in D. melanogaster (Partridge et al., 1987; Luckinbill et
al., 1988; Service, 1989). Besides the fruit flies D. melanogaster (Partridge and
Fowler, 1990), cost of sex has also been reported in tsetse fly Glossina
morsitans (Clutton-Brock and Langley, 1997), seed beetle Callosobruchus
maculatus (Crudgington and Siva-Jothy, 2000), and the bed bug Cimex
lectularius (Stutt and Siva-Jothy, 2001).

In our present study, the lifespan of virgin and mated females was shorter
under constant environments (LL, DD) compared to periodic environments (720,
T24 and 728). Interestingly the reduction in lifespan under LL and DD in the
reproducing females was negatively correlated with reproductive output. The flies
that laid more eggs lived significantly shorter (as under LL and DD) compared to
those that laid fewer eggs (as under 720, T24 and 728). Such correlations
between lifespan and reproduction have also been extensively documented in life
history evolution literature (Bell, 1984; Partridge and Harvey, 1985; Stearns,
1992; Zwaan, 1999). If the reduction in lifespan of mated females under LL and
DD regimes is due to higher egg production, lifespan of virgin females under
constant and periodic light regimes would be expected to be comparable.
Surprisingly, virgin females too were found to live significantly shorter under
constant environments (LL, DD) than the periodic environments (720, T24, T28).
How do we explain this? As we already know that even virgin Drosophila females
too lay unfertilized eggs, we assayed the egg-output of the virgin females. To our
surprise we found that the general pattern of egg-output in virgin females was

comparable to those of the mated females (Figure 4). Thus, it appears that
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higher egg out-put of virgin females under LL and DD compared to periodic
regimes, quite similar to those observed for mated females, have resulted in the
reduction of lifespan in the virgin females. Therefore, it appears that in females
egg-production alone can cause significant light regime-dependent reduction in
adult lifespan. In other words, reduction of lifespan under LL and DD in
Drosophila females appears to be largely due to higher egg-output under these
regimes, and not due to mating per se. Thus, by assaying the egg-output of the
virgin females under different light regimes we were able to tease apart the cost
of mating and cost of egg-production in D. melancgasfer females.

Male-female asymmetry in cost of sex has been quite convincingly
demonstrated in an early study in dung beetles Onthophagus binodis {Kotiaho
and Simmons, 2003). This study revealed that female beetles did not incur any
cost of sex, whereas males do. In females, courtship and/or mating did not cause
any obvious deleterious effects, but egg-production and brood provisioning lead
to significant reduction in their lifespan (Hunt et al., 2002). Therefore, cost of sex
in males appears to be mediated through different sub-processes of reproduction
such as courtship, competition for the mates, mating or sperm production, while
in females it appears to be mediated through mating, egg-production, egg-laying,
and brood provisioning (Kotiaho and Simmons, 2003). The resuits of our study
suggests that the effects of light regimes on the lifespan of virgin males and
females are mediated through different processes in D. melanogaster, for
instance, in virgin males it is mediated through the period of locomotor activity

rhythm and/or duration of activity, but in the virgin females it is routed through
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egg-output. Mating considerably reduces the lifespan of both sexes; the light
regime-dependent reductions in males are abolished post-mating, whereas
although lifespan of the mated females is considerably reduced compared to the
virgin females the light regime-dependent differences still persist.

Our study, thus, clearly demonstrates the effects of light regimes and/or
biological rhythms and reproduction on the adult lifespan of fruit flies D.
melanogaster. Such effects of light regimes on life history traits have been
reported earlier for pre-adult development time (Paranjpe et al., 2005). In an
earlier study from our laboratory, we had reported that the effect of light regimes
on duration of pre-adult development is partly mediated through circadian clocks.
It is possible that light regimes simultaneously influence biological rhythms and
lifespan giving rise to coincidental rather than causal correlations between clock
phenotypes and life history traits. Moreover, circadian rhythms as well as life
history traits are regulated by a number of genes and their complex interactions,
and therefore it is quite possible that light regimes and/or circadian clocks
regulate life history traits in different ways by potentially complex mechanism(s)
(Paranjpe et al., 2005). Our study evaluates factors inﬂhencing lifespan such as
pefiod of LD cycles and/or biological rhythms, activity duration, and reproductive
output. it also highlights the necessity to examine muitiple fitness traits in order to
understand the intricate details underlying the interactions between light regimes,

circadian clocks and life history traits.



Chapter5

Behavioral and
physiological studies on
flies reared under
constant and periodic

light regimes



84

5.1 Background

The information of light is conveyed to the circadian clocks in D. melanogaster
via a number of modes such as the compound eyes, the ocelli, an extra-retinal
structure called the Hofbauer-Buchner (H-B) eyelet (Helfrich-Férster, 2001;
2002), and directly by the circadian photo-pigment CRYPTOCHROME, which is
expressed in the LNs and in a number of other body tissues (Emery et al., 2000).
The compound eyes of D. melanogaster that convey information of light to the
LNs are among the sites of per transcription (Liu et al., 1988; Saez and Young,
1988) and translation (Siwicki et al., 1988). A decrease in visual pigmentation
was noticed within several hours of light onset when tﬁe flies were exposed to LD
cycles (Stark et al.,, 1988). Moreover, studies on the visual system of housefly
Musca domestica and fruit fly D. meianogaster (Pyza and Meinertzhagen, 1993;
1995; 1999), revealed that the lamina axons of L1 and L2 that receive photic
input by the way of innervations from photoreceptors in the overlying compound
eye, change their volume in a rhythmic manner (Pyza and Meinertzhagen, 1995)
and the rhythm persists under constant conditions (Pyza and Meinertzhagen,
1999). Chen and coworkers (1992) studied visual sensitivity in the per mutants
under LD cycles and under DD by recording electro-physiological response of
retina (plotted as electro-retinogram or ERG). In their study visual sensitivity of
the w per* flies measured under LD cycles started decreasing about 8 h before
lights-on and about 4 h later it decreased by almost 75%, and these cycles
continued under DD, but were less pronounced (Chen et al, 1992). The per
mutants such as per’, per* and per’’ showed rhythmic visual sensitivity under LD

cycles while the cycles of visual sensitivity under DD, if any, were subtle (Chen et
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al,, 1992). Rhythmic structural changes in lamina axons, cycling of visual
pigments and rhythm of visual sensitivity suggest that light input via compound
eyes may not be upstream to the core clock mechanisms as was thought earlier
but might be under the control of clock. Therefore, it is likely that light regimes
that are known to modulate circadian rhythms might alse influence the light input
for circadian clocks as well as other clock associated features such as sensitivity
of fly's retina to light stimuli, and clock’s response to light stimuli.

In the previous chapters we have seen that the light regimes modulate
rhythmic behaviors (Chapter 2) as well as pre-adult (Chapter 3) and adult
(Chapter 4) fithess components. As discussed in the chapter 2, persistence of
free-running rhythms does not guarantee that various other features of functionai
clocks are retained in the LL populations. The LL populations have never
experienced any LD cycles for more than seven hundred generations, and have
always been maintained under constant light of moderate intensity (~100 lux).
There have been no systematic study on the effect of prolonged exposure to light
on either the visual sensitivity, or on the sensitivity or response of clock to light
stimuli, and it is quite possible that the response of LL populations to light may be
different than the flies that are normally reared under pericdic LD cycles. We
therefore decided to study the photic-response of the LL populations at
behavioral as well physiological levels to understand how the rearing light
regimes affect the clock mechanisms or behaviors that may not be directly under
the control of circadian clocks. For the sake of comparison, we used populations

reared for more than hundred generations under DD and LD cycles of 12:12 h.
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Two sets of four populations were derived from each of the baseline populations
(Sheeba, 2001) (Figure 1). One set of four populations was maintained under LD
cycles of 12:12 h (the LD populations), while the other set was kept under DD
(the DD populations} for about hundred generations. All photic-response
experiments described in this chapter were carried out on the LL, LD and DD

populations.

5.2 Light induced PRC

We have seen in one of the earlier chapters (chapter 2) that the LL populations
have the ability to entrain to a wide range of LD cycles. For stable entrainment to
occur, circadian clocks must respond to light stimuli in a periodic manner
(Sharma and Chandrashekaran, 2005; Sharma and Daan, 2002). Such phase-
dependent responses of circadian clocks to entraining stimuli are usually
documented in the PRC. These plots enable us to estimate circadian clock’s
response to brief perturbations, independently of the overt rhythmicity. For day
active organisms such as Drosophila, active part of the activity/rest cycles under
constant conditions is considered to be subjective day, and the period of
inactivity as subjective night. Usually organisms are more sensitive to light stimuli
during the subjective night compared to the subjective day. Light stimulus
presented during the early subjective night usually phase delays the rhythm,
while light exposure during the late subjective night causes phase advances
(Figure 2). Photic response of circadian clocks can be measured by estimating

phase shifts after giving light stimuli at different phases in the circadian cycle. in
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order to study the effects of rearing light conditions on photic response of
circadian oscillator, we compared the PRCs of LL, LD and DD populations by
estimating phase shifts at two different phases. We chose: CT14 and CT20 (CT=
circadian time or subjective time) because at these phases the clocks of
Drosophila usually elicit maximum phase delays and phase advances,

respectively.

§.2a Materials and methods

To rule out the possibility that the differences, if any, between the LL, LD and DD
populations occur due to the parental rearing conditions and not due to the
underlying genetic differences, all the populations were subjected to a common
rearing conditions (standardization) for one generation before the actual
experiment was done. For standardization, eggs laid on banana medium over a 2
h window from the running culture of each of the LL, LD and DD populations
were collected into glass vials. From these populations, approximately 50-60
eggs were collected into 24 vials. The vials were kept under LD 12:12 h (724)
regime until the adult flies eclosed. Twelve days after the egg collection, adult
flies were transferred to plexiglass cages. These caged populations were
referred to as ‘standardized’ populations. From the standardized populations,
eggs laid on banana medium over a 2 h window were collected for the PRC
experiments. From each of the standardized populations (3 rearing conditions x 4
replicate populations), approximately 50-60 eggs were collected into each of 10

vials. The vials were kept under 724 regime until the adult flies eclosed. Freshly
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eclosed males were used for recording locomotor activity using the Drosophila
Activity Monitoring system, TriKinetics Inc, Waltham, MA, USA. The locomotor
activity of the males was recorded under LD 12:12 h conditions for the first ten
days. After ensuring that most flies show stable entrainment to these conditions,
they were shifted to DD conditions. On the second day under DD, different sets
of flies from each population were exposed to a brief light pulse of ~ 1000 lux
intensity and 15 minutes duration at CT14 (2 h after the extrapolated lights-off
time when the flies were under T24 conditions) (n = 20) and CT20 (8 h after the
extrapolated lights-off time when the flies were under T24 conditions) {n= 20).
The light intensity was measured using Photo Meter (Model LI-250, LI-COR,
USA). As control, one set of flies from each population {n= 20) were handled in
the similar manner as the experimental flies except that they were not exposed to
any light pulses. Following light pulse exposure, locomotor activity of the
experimental and control flies was recorded for about 10 days under DD.

The offset of activity was taken as phase reference point to calculate the
period of the rhythm because generally in case of D. melanogaster offsets show
less cycle-to-cycle variability compared to the onsets. The r of the locomotor
activity rhythm was calculated using regression lines drawn through the offsets of
activity over at least seven cycles under DD. The r values thus obtained for each
population were used as data for a mixed model ANOVA using STATISTICA™
(Statsoft, 1995), where the rearing conditions (LL, T24 and DD) were treated as
fixed factor and the replicate populations were treated as random factor. Phase

shifts were calculated using data of at least seven cycles under 724 followed by
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at least 7-8 cycles under DD conditions using method described by Sharma and
Daan (2002). The phase shift values thus obtained for each population in each
treatment (control, CT14 and CT20) were used as data for a mixed model
ANOVA where the rearing conditions were treated as fixed factor and the

replicate populations were treated as random factor.

5.2b Results

The results of ANOVA on the r values revealed that the r of locomotor activity
rhythm of flies from all populations under all rearing conditions was comparable
(F26 = 0.18, p = 0.84). The ANOVA on the phase shift values revealed that phase
shifts obtained for different treatments (control, CT14 and CT20) were
significantly different from each other (F.¢ = 377.29, p < 0.001). Post-hoc
multiple comparisons using 95% Cl around the mean revealed that the phase
shifts obtained under all the three treatments were significantly different from
each other, at CT14 flies from all populations showed phase delays
(conventionally written as negative phase shifts), while at CT20 they showed
phase advances (conventionally written as positive phase shifts). Magnitude of
phase shifts in the control flies were significantly smaller compared to those at
CT14 and CT20. Representative locomotor activity records of flies from LL, LD
and DD populations that received different treatments (control, CT14, CT20) are
shown in the Figure 3. The main effect of interaction between treatments and
rearing conditions on the phase shift values was statistically significant (F4s 12 =

3.52, p < 0.05). Post-hoc multiple comparisons using 95% ClI revealed that flies
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from the DD populations that received light pulse at CT20 showed significantly
smaller phase advances compared to the flies from the LL populations, while
phase shifts of flies fron;l LD populations were comparable to those of LL and DD
populations. At CT14, the phase shifts were comparable across all populations,
although DD populations showed a tendency towards smaller phase delays than

the LL and LD populations (Figure 4).

5.3 Electro-physiological response of the flies reared under
different light conditions

The compound eyes of Drosophila consist of hundreds of smaller units called as
ommatidia. A single ommatidium is formed of six peripheral and two central
photoreceptor cells. The six peripheral photoreceptors R1-R6 are usually
sensilive to Jow intensity and shorter wavelengths of light, while central
photoreceptor cells R7-R8 are sensitive to high intensity and longer wavelengths
of light {Chapman, 1998). Electro-retinogram (ERG) is an extra-cellular record of
light-evoked membrane action potentials of retinal photoreceptor cells (Stark and
Wasserman, 1974). In most diurnal insects, ERG consists of three characteristic
components when recorded with the electrode on the cornea or in the receptor
cell layer; positive on - and negative off - transient potentials track the onset and
the offset of stimulus, respectively, while an asymptotic negative wave is
sustained for the entire duration of the stimulus (Stark and Wassermann, 1974).
The on - and off - transients arise from the R1-R6 connections in the first optic
neuropil, the lamina ganglionaris, and are indicative of synaptic transmission

from the photoreceptor cells to the laminar neurons, while the slow depolarization
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wave is primarily a response of the photoreceptor celis to light (Heisenberg,
1971, Stark, 1972). If synaptic transmission between the laminar neurons and the
photoreceptor cells is blocked, the on - off transients are preferentially lost
(Palladino et al., 2002).

As stated in the earlier section (section 5.2b), the DD populations showed
a tendency towards smaller phase shifts which could be due to two reasons: (i)
the light input pathways of the DD flies might be impaired, or (ii) the photic
response of the circadian clocks of the DD flies might have been be reduced
significantly compared to the LL and LD flies. To investigate the first possibility
we decided to measure the visual sensitivity by recording ERG of 4-6 days old

flies from the LL, LD and DD populations at a specific time of the day.

§.3a Materials and methods

As described under the section 5.2a, the standardized populations were used to
record the ERGs. From the standardized populations, eggs laid on banana
medium over a 2 h window were coilected for the experiment. From each of the
standardized populations (3 rearing conditions x 4 replicate populations),
approximately 50-60 eggs were collected into 5 vials. The vials were kept under
T24 regime till the adults eclosed. Freshly eclosed males and females were
transferred into fresh food medium and were kept under LD cycles of 12:12 h for
3 days. The flies were finally transferred to DD on the fourth day after eclosion
and the ERGs were recorded at CT14. For recording the electro-physiological

activity of fly retina, an oscilloscope (Hewlett Packard 546038, 60 MHz} was
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used along with a 1X2-700 dual intracellular pre-amplifier {Comerstone by
DAGAN) to amplify the signals by about 10 times. For the actual recording 4-6
day old flies were anaesthetized on ice for 15-20 min. An anaesthetized fly was
then embedded in modeling clay block with its head and thorax free. This
restricted the movements of the fly when it wakes up. The silver wire electrodes
were dipped in Sodium Hypochlorite solution prior to the recordings for at least
10 minutes. Thin borosilicate glass capillaries (1 mm outer diameter x 0.58 mm
inner diameter, Harvard Apparatus LTD) were pulled with Narashige vertical
puller (Heater setting 4.5, magnet setting 2) and were filled with 3M KCI solution
using Microfil Syringe needle (Precision Instruments, model MF34G-5) ensuring
that there is no air bubble in the capillary. The glass capillaries filled with
electrolyte solution were then fixed to the siiver wire microelectrodes used for
recording the response. The ground microelectrode was then positioned such
that the tip of glass capillary pierced thorax of the immobilized flies without killing
it. The recording microelectrode was then positioned such that the tip of glass
capillary just touched the retina. After fixing the electrodes, the flies were dark
adapted for about 5 min. A white light (Dichroic halogen-cold light source) with
average intensity of 50 lux was flashed on fly retina with a frequency of 3 sec
{on-off pulse) and the changes in action potential of the retinal photoreceptors
were traced on the oscilloscope with display time 1.0 sec/unit and a delay of 5
sec (50.0 mV/ unit). 10 flies from each of populations (5 males and 5 females)
were used for recording. Thus, totally 120 flies were recorded (10 flies x 3 rearing

conditions x 4 replicate populations). All flies were recorded at 24 °C. The ERG
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traces obtained were photographed from a fixed distance at 3X magnification
using Nikon Coolpix3100 digital camera (resolution 3.2 megapixels) and the

photographs were used for further analysis.

5.3 b Results

A large variation was seen in the ERG patterns of the flies from the three
populations (LL, LD and DD). About 35-50% of flies across all the rearing
condit.ions (LL, LD, and DD) showed complete absence of on - off transients
(Figure 5). In addition, in a considerable proportion of flies the slow depolarizing
component of ERG trace was either abnormal in shape or the slope of the
depolarizing wave was reduced giving rise to almost flat traces (Figure 5). The
percentage of flies showing such abnormal patterns was also similar across all
the three rearing conditions. The amplitude of the ERG records measured as the
difference between the highest and lowest point of ERG trace in mV was also
comparable across the three rearing conditions (Fzs = 0.82, p = 0.48). The
amplitudes of ERG records in the male and female flies did not differ significantly

(F1,3=1.99, p = 0.25).

5.4 Photic-response of larvae

The Drosophila larvae have only one visual structure — the BO, which comprises
of 12 photoreceptors located on both sides of the head. The BO axons project
into the central brain where they terminate at the dendrites of the four LNs in

each brain lobe (Kaneko et al., 1997; Malpel et al., 2002, Mazzoni et al., 2005).
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The BO is also necessary for the third instar foraging larvae for its visual tasks
such as avoiding light (Sawin-McComack et al., 1995). A recent study on the
visual and circadian systems in the Drosophila larvae demonstrated that the
pacemaker neurons not only receive light information from the BO, but also relay
this information to produce a rapid photo-phobic response (Mazzoni et al., 2005).
The larvae of the yw genotype (controls) showed maximum response (i.e. the
highest photo-phobicity) towards the end of the subjective night (CT0), and the
lowest response towards the end of the subjective day (CT12). The time-
dependent response was abolished in the per® and cyc® mutants (Mazzoni et al.,
2005). Further, clock manipulated larvae were found to be defective in light
avoidance behaviour, quite similar to the larvae that lacked all the photoreceptor
cells, suggesting that circadian clocks may regulate larval photic-responses in D.
melanogaster (Mazzoni et al., 2005). Since a considerable fraction of adult flies
from the LL, LD and DD populations showed impairment of electro-physiological
response of the retina (See section 5.3b), we decided to check whether photic-
response of the larvae in terms of general light avoidance behavior from the LL,

LD and DD populations was altered due to differences in rearing conditions.

5.4a Materials and methods

For measuring larval the photic-response, eggs laid on banana medium over 2 h
were collected from the standardized populations (See section 5.2a). The
midpoint of egg collection window was taken as O h. The plates were kept under

LD 12:12 h condition for 48 h and then transferred to DD. The early third instar
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larvae (85 h from mid point of egg collection window) were picked up from the
banana medium with the help of number ‘0’ soft brush and washed with PBS for
~30 sec. A petri-plate (8.5 cm diameter) with 20 ml of 1.5% agar-agar
(Qualigens) was used for the assay with half of plate and corresponding half of
lid covered with black electrical tape from outside to block light. Twenty larvae
washed with PBS from each population were then placed on the agar platé on
the boundary of light and dark halves. The plates were illuminated from above
using Philips cool light tubes such that the intensity at the level of petri-plate was
~100 lux. The light intensity was measured using Photo Meter (Model LI-250, LI-
COR, USA). The plates were left at room temperature for 15 min, at the end of
which the number of larvae in each half was counted. The photic response was
checked at two time points, CT2 and CT14. As a control, twenty larvae from each
population were subjected to similar treatments without the light exposure and
the number of larvae in each half of the plate was counted at the end of 15 min.
This provided us with an idea of the random movement of larvae in absence of
light stimulus on the agar surface. Six trials were done for each population at
each time point (6 trials x 2 time points x 3 rearing conditions x 4 replicate
populations).

The fraction of larvae in the two halves of the plate was calculated for both
control and light treatments. The population mean of the control trials was
subtracted from those for light treatment to get the ‘relative fraction of larvae in
tight'. The relative fraction of larvae in light portion of the agar plate was used as

data in a mixed model ANOVA where time point and rearing conditions were
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treated as fixed factors while replicate populations were treated as random

factor.

5.4b Results

The results of ANOVA done on the relative fraction of larvae found in the dark
portion of the plate revealed a significant main effect of rearing conditions on the
photo-phobicity (F25 = 6.41, p < 0.05). Post-hoc multiple comparisons using 95%
Cl around the mean showed that a significantly greater fraction of larvae from the
DD populations preferred darkness compared to those from the LL and LD
populations (Figure 6). The relative photic-response was similar at CT2 and
CT14 for all populations across all three rearing conditions (F13 = 3.75, p =

0.15).

5.5 Photic-response of aduits

Most species of Drosophila studied so far show an escape reaction from light; the
flies when disturbed start flying towards light (Dobzhansky et al., 1974). The
movement of flies towards light (photo-taxis) is a trait that has been traditionally
used for laboratory selection studies on several species of Drosophila such as D.
melanogaster, D. pseudoobscura, D. persimilis, and D. subobscura (Dobzhansky
et al.,, 1974 and references therein). Populations of D. pseudoobscura collected
from the wild were photo-neutral on average. However, when subjected to
directional selection for positive or negative photo-taxis gave rise to populations

having high or low photo-taxis scores, respectively, within 10 or more



97

generations (Dobzhansky et al., 1969). Although ecological roles of spch
responses to light are still littte known it is believed that photic-responses'are
adaptive (Dobzhansky et al., 1974).

The clock responses to light stimuli, measured as phase shifts, were
weaker in the DD populations compared to the LL and the LD populations
(section 5.2b), and a considerable fraction of adults from all the three (LL, LD and
DD) populations showed impairment of electro-physiological response of retina
(See section 5.3b). This suggests that even though the light input was impaired
to certain extent in all the three populations, the fraction of flies showing
impairment of retinal response was comparable across all rearing conditions. We
decided to compare the photic-response of adult flies from the LL, LD and DD
populations in .order to test whether the photic-response is impaired in the DD
populations.

The results of a recent study on the loss of function mutants of D.
melanogaster suggested that the larval photo-responses are regulated by the
circadian clocks (Mazzoni et al., 2005). Therefore, it is possible that clock also
modulates photo-responses in adult flies. To investigate the role of circadian
clocks in the light response behaviour of the aduilts we assayed the adult photic-
responses of LL , LD and DD populations at two time points CT2 and CT14 using
flies from all three rearing conditions. Further, to confirm the role of clocks and
clock genes in the rhythmic photic-response behaviour, we used various mutants

and control flies. The clock mutants used in our experiments had loss-of-function
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mutations in some of the core clock genes or in the genes in the light input

pathways.

5.5a Materials and methods

Photic-response of the LL, LD and DD flies was checked using a countercurrent
apparatus and using the protocol described by Benzer (1967). For the adult
photic-response experiments on the LL, LD and DD populations, eggs laid on
banana medium over 2 h were used. From each standardized population (See
section 5.2a) 50-60 eggs were collected in each of the five vials and the vials
were then kept under LD 12:12 h cycles until the adults eclosed. Freshly eclosed
flies were grouped into six groups of 20 flies each (mixed male-female groups)
under CO; anesthesia. Six such groups from each population were then kept
under T24 regime for 3 days after which they were transferred to DD. in the
second cycle of DD, photic-responses of the LL, LD and DD flies were checked
at CT2 and CT14, at two ambient light intensities (100 lux and 1000 lux).
Fluorescent white light (Rechargeable white lantern, Hitachi, Japan) was used as
light source and the light intensity at the level of experimental glass vials was
adjusted by altering the distance between the counter-current apparatus and the
light source. The light intensity was measured using Photo Meter (Model L1-250,
LI-COR, USA). Eleven glass test tubes (8 cm height x 2.4 cm diameter) were
joined by a sliding Lucite rack (five on top and six on bottom)(Figure 7). One
group of twenty flies was transferred to the 0" tube. The apparatus was laid

horizontally in front of a fluorescent white light source that was kept horizontal
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and perpendicular to the tubes. The light was then switched on and the flies were
given 15 sec to respond by moving toward the light before being transferred to
the neighboring tube. After five such runs, the number of flies in all six tubes was
counted and used for calculating response index. The flies that were initially
placed in the 0" tube had five chances to pass towards the tube adjacent to it. If
the flies that are present in the 0™ tube pass through all the tubes, then at the
end of 5" trial they would find themselves in sixth tube. These flies would have
responded and moved towards light all five times. Thus, the flies that reach tube
4 would have succeeded four times in going towards the light source. Six trials
were performed for each population of flies at each time point (6 trials x 2 light
intensities x 2 time point x 4 replicate populations). As control, six groups from
each population were run through counter current apparatus at both time points
(CT2, CT14) in the absence of light keeping rest of the experimental conditions
similar,

The response Index (RI) for each trial was calculated and compared
across time points and rearing conditions. To calculate the response index the
numbers of flies that were present in each tube at the end of the experiment were
taken as ng, ny, Nz, N3, N4, and ns. The total score for the group of 20 flies used in
one trial would be (0 x ng) + {1 x ny) + (2 x n2)+ (3 x n3) + (4 x ng) + {5 x ng). The
total score is then scaled to the maximum score that can be obtained if ail flies
reached fifth tube, i.e., 5 x (ng +nq + Nz + N3 + ng + ns). Thus, response index is
calculated as

(Oxng) + {1 xN)+(2 xno)+ (3 xn3) + (4 xng) + (5 xns)
5 x (ng + N1+ nz+ N3 + Ny + ns)
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Response index values calculated from the control frials were subfracted from
the RI values from the experimental trials of each population at both time points.
Relative Response Index (RI) values thus obtained for each population (100 lux
and 1000 lux) was used as data in mixed model ANOVA where rearing
conditions and time points were used as fixed factors and replicate populations
were taken as random factor.

To investigate the rolé of circadian clocks in the regulation of adult photic-
responses, mutant flies that had defect in light input pathways (cn/”, g™ or in
the core clock mechanism {(per’, tim°, cyc®, cik'™) were used to measure the
photo-responses at CT2 and CT14 using 100 lux intensity of light. CantonS, yw
flies were used as controls. The response index values were used as data for

ANOVA whereas genotype and time points were considered as fixed factors.

5.5b Resuits

The results of ANOVA done using the response index data revealed that the
photic-responses of adults from the LL, LD and DD populations were intensity
dependent (F;, 3 = 898.02, p < 0.001). Post-hoc multiple comparisons using 95%
Cl showed that the responses at 1000 lux intensity were significantly greater than
those at 100 lux (Figure 8). ANOVA further revealed a significant main effect of
rearing conditions on the response index (F2 s = 23.84, p < 0.05). The relative
response index values for the DD populations were significantly smaller

compared to the LL and the LD populations indicating that adults from the DD
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populations show less photic-response compared to the LL and the LD flies
(Figure 8). Moreover, the relative response indices calculated at 1000 lux
intensity (F+, 1 = 0.07, p = 0.79) were comparable at both time points (CT2,
CT14), while at 100 lux intensity the response was time dependent in LL
populations (Figure 8). In summary, DD flies show less response to light
intensities of 1000 as well as 100 lux at both time points compared to LL and LD
flies.

ANOVA on the response index values of various clock mutants revealed a
significant main effect of genotype (F7, 7s = 48.27, p < 0.001). Post-hoc multiple
comparisons using Scheffe’s test showed that CantonS, yw, per®, tim®, cyc®, ci™
and cry® showed significantly higher Rl (p < 0.001) compared to the g% flies
(Figure 9). ANOVA on the CantonS and the yw flies followed by multiple
comparisons using Scheffe's test revealed that the flies from both the genotypes
showed significantly greater photic-response at CT2 than at CT14 (F; 19 =6.13, p
< 0.05) {Figure 9). Thus, the adult photic-response of the control flies was time

dependent, while the time-dependency was lost in the pes, tim®, cyc®, cikk™ and

cry’ flies.

5.6 Conclusions

Light is one of the prominent time cues for circadian clocks that can influence
behavior and physiology of the organisms to a great extent. It is often speculated
that light/dark fluctuations in the environment have acted as one of the primary

selection pressures for adaptive evolution of circadian clocks (Hastings et al,,
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1991). However, there has been hardly any evidence for the role of LD cycles in
the evolution of circadian clocks. We used D. melanogaster populations reared
under environments that differed merely in terms of light conditions. Earlier
studies from our laboratory using the same populations, about 100 generations
ago had shown that some of the clock properties such as free-running period,
phase-relationship were altered in the LL, LD and DD populations in about 30
generations of rearing under different light conditions (Sheeba, 2001). This lead
us to think that, in addition to the clock properties, some of the clock-associated
features such as response to light might have been altered in these populations
due to rearing for many generations under different light conditions. To verify this
conjuncture, we measured photic-responses of circadian clocks at behavioral
and physiological level. The results of our experiments demonstrate that
responses of circadian clocks seem to be reduced in DD populations to certain
extent as evident by smaller phase shifts obtained for DD populations at both
time points (CT2 and CT14) compared to the LL and LD populations. Little is
known about the extent to which the clock mechanisms are involved in the
behavioral responses. However, comparatively smaller phase shifts in DD
populations indicate that sensitivity of the circadian clock was altered due to
rearing under DD. The smaller phase shifts values obtained for the DD
populations could, in principle, result from reduced sensitivity to light stimuli or
due to differences in the ability to respond to light. We investigated both the
possibilities by measuring light sensitivity of fly retina and ability to respond to

light stimuli using flies from all three rearing conditions.
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The two light input pathways in Drosophila (ocular and extra-ocular)
appear to be redundant as the locomotor activity rhythm of flies lacking either
functional CRY or functional visual system could still be synchronized by LD
cycles, whereas flies lacking both could not be synchronized (Helfrich-Férster et
al., 2001). Although we do not have any knowledge about the fraction of total
light information reaching the core circadian pacemaker via retina or via CRY
protein, it is generally believed that the retinal photo-receptors receive and relay
a considerable amount of light information to the core pacemaker. We measured
the response of retinal photo-receptors of the flies from the LL, LD and DD
populations. The electro-physiological response of the retina suggests that about
35-50% of flies from populations reared under all three conditions (LL, LD, DD)
had abnormal ERG response. Therefore, it appears that the light input pathways
might be impaired in all the three populations to certain extent. Since the LD and
the DD populations have been derived from the LL populations, these results
suggest that the light input was probably impaired in the LL populations to start
with, and 100 generations of rearing under LD and DD regimes did not cause any
measurable change. Further, the larvae as well as the adults from the DD
populations showed greater preference for darkness, compared to the LL and the
LD populations. In other words, although the retinal photo-receptors were
impaired in comparable fraction of adults across all rearing' conditions, behavioral
photic-responses were reduced in a greater percentage of individuals from the
DD populations compared to the LL and the LD populations. This motivated us to

speculate that the light input pathways downstream to the retinal photo-receptors
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might have been affected and/or the levels of CRY expression might be reduced
in the DD flies. Alternatively, the TIM protein degradation might be reduced to a
greater extent in the DD flies compared to the LL and the LD flies as TIM is
known to interact with CRY in the presence of light after which TIM is sent for
degradation (Busza et al., 2004).

In a recent study on the clock mutants of D. melanogaster the authors
suggested that the clock neurons transmit and modulate visual information that
controls rapid behavioral responses in larvae {(Mazzoni et al., 2005). In this study
the photic-response was not measured. Given that the larvae and adult photo-
entrainment mechanisms for the circadian clocks in Drosophila differ
considerably we decided to assay the photic-responses in adult. To study the
involvement of circadian clocks in adult photic-responses, we used a number of
clock mutants that had mutations in the core clock genes or in the genes involved
in the light input pathways. Interestingly, the wild type (CS and yw) flies showed
time-dependent photo-tactic response which was absent in the clock mutants,
illustrating the fact that circadian clocks regulate the rapid behavioral responses
in Drosophifa. Our results are consistent with those observed in D. melanogaster
larvae (Mazzoni et al., 2005), where larvae showed time-dependent preference
for darkness in control strains which was absent in the clock mutants. In our
study, the role of circadian clocks in adult photic-responses is further
strengthened by the fact that photo-tactic responses were not time-dependent in
the cry” mutants, where the photo-pigment dedicated for light input to circadian

clocks is non-functional; however, the magnitude of photic-responses were
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comparable to the wild type strain. Mutation in the gfass gene, an important
transcription factor in the photo-transduction pathway (Helfrich- Férster, 2005)
reduced the photic-responses to a great extent. Moreover, the time-dependency
of light response was lost in the g/ass null mutant, suggesting that both the light
input pathways might be important in determining the time-dependent photic-
responses in the adult flies. This is, to the best of our knowledge, the first study
of its kind demonstrating the involvement of circadian clocks in adult photic-
response behaviour in D. melanogaster.

The results of our studies clearly demonstrate that the rearing conditions
have significantly altered photic-responses of larvae and adults at least at the
behavioral level, and have also affected the light response properties of the
underlying circadian clocks. It is important to note here that the differences in the
photic-responses measured in different assays are genetic and not due to
memory of the parental environment since the populations from all rearing
conditions were exposed to common environmental conditions for one
generation, prior to the actual experiments. Moreover, we have used wild type
large, out bred, replicate populations which greatly reduce the probability that we
might have seen such results by chance or due to inbreeding or due to
pleiotropic effects of any mutation(s). In summary, light conditions appear to have
long term evolutionary effects on the clock associated features such as sensitivity
or response to light stimuli. Aithough, the mechanism(s) by which the light

responses are modulated by circadian clocks is not yet clear, it seems to play a
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significant role in the regulation of time-dependent behavioral photic-responses in

the fruit flies D. mefanogaster.
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