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Abstract

Circadian clocks are ubiquitous and are believed to provide adaptive advantage to their owners in two different wa
(i) by synchronizing behavioral and physiological processes to periodic factors of the environment, and/or (ii) b
coordinating various metabolic processes within the organism. The molecular mechanisms constituting circadian cloc
are conserved across a wide range of taxa, and are relatively better understood for thBffosibfilila melanogaster
There is growing evidence to show that the circadian architectubrosbphilais multi-oscillatory and in some
insects it shows developmental plasticity, i.e. differential response to light regimes experienced during pre-adult stag
It is argued that plasticity of circadian clocks is advantageous to insects living in fluctuating environments. Rece
studies in social insects suggest that such plasticity in circadian systems may be crucial to the overwhelming succes
social insects.
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1. Introduction

Life on earth is exposed to highly predictable daily rhythms of light and temperature. Availability
of food, mates and activities of predators are also affected by such periodic changes. It is, therefi
not surprising that many of our behaviors follow a daily periodicity. It is common to see som
plants opening their leaves during the day and closing them during the night and others movi
them up and down, honeybees visiting food sources precisely at the same time every day, fi
flies eclosing from pupal case close to dawn, and exhibiting daily rhythms of activity, mating
and egg laying. Daily rhythms of behavior and physiology are also common in several speci
of birds, fishes and mammals. The most obvious explanation given for these rhythms is tf
organisms mimic passively the environmental periodicity. However, when these organisms &
isolated from the periodic environmental factors—by maintaining them under constant laborato
conditions with light, temperature, humidity and sound constant—a large majority of these dai
rhythms persists withh normally close to but seldom exactly 24 h (such rhythms are called
circadian rhythms;irca = approximatelydies= day). Until recently it was believed that circadian

rhythms are characteristics of complex cellular organization and therefore might not be display
by prokaryotic organisms. This, however, is no longer true; circadian rhythms of photosynthes
and nitrogen fixation have now been reported in a species of cyanobacteria [1], [2]. This ubiqui
of occurrence suggests that circadian clocks are adaptive [3]-[8]. Furthermore, some k
characteristics of circadian clocks such as the ability to maintain a constant period at differe
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temperatures within physiological limit, and the ability to synchronize (entrain) to periodic
environmental factors, qualify them as biological chronometers.

Individual values of are often normally distributed around the species mean, usually with &
fairly small variance [9], [10]. However, there is enough evidence to show tiratergoes
modification, according to prior environmental conditions, a phenomenon known as ‘after
effects’[11]-[23]. In a recent study, we too have reported the extent of after-effects in the circadi
locomotor activity rhythm of four independent populationomelanogastef16]. Figure 1
shows representative locomotor activity records of adult flies reared as pre-adults in conste
light (LL), light/dark cycle (LD; 12:12 h), and constant darkness (DD) and subsequently assaye
in DD regime. The locomotor activity of these flies was recorded individually using an
indigenously developed computerised activity recording device [17]. The activity graph (referre
commonly as actogram) is obtained by plotting (over a period of 24 h) chronologically daily
activity data of each individual one below another. Actograms are often double plotted to facilital
easier visualisation of activity patterns. We found that the averadeD, in the flies that were
raised in LL, LD cycles [12:12 h] and in DD regimes were significantly different from each
other, suggesting effect of pre-adult light regimes on the circadian organisation. Similar resul
have also been reported in a few studie®arsophila[20], cockroach [21] and crickets [22],
[23]. It appears that circadian clocks of several insect species are labile and may undergo chan
due to light regimes experienced during pre-adult development. In additiomftae individual
is also known to undergo spontaneous changes with age [24], [25].

Circadian rhythms are one of the most tractable models to study cellular and molecul
mechanisms connecting genes and behavior. The essential rhythm-generating mechanisn
cell-autonomous, i.e. isolated cells of many organisms continue to show self-sustained circadi
oscillation [26], [27]. Theperiod (per) locus inDrosophilawas identified as critical to circadian
rhythms as early as 1971, and the molecular mechanisms regulating them have now starte:
become clear due to fairly recent advances in molecular biology techniques [28]—[34]. It |
becoming clear that several genes working in tandem in feedback loops control circadian rhythi
at various levels of complexity.

The purpose of this review is to describe our present understanding of the molecular basis
circadian clocks and then discuss their significance for insects. | have also discussed briefly t
multi-oscillatory architecture of circadian clocksbmnosophilato emphasise the complexity in
circadian system and finally have touched upon circadian aspects of social organisation. Althou
some findings in bacteria, plants and mammals are mentioned, | have mostly limited myself
circadian clocks of fruit flyD. melanogaster

2. How do molecular mechanisms generate circadian timings?

The fact that circadian clocks have a genetic basis became clear way back in 1932, when Bunr
[35] demonstrated that plants of intermediate periodicity in the so-called ‘sleep movements’ ¢
their leaves can be produced in the first filial generation by crossing plants of short and lor
periodicity. However, the major breakthrough came in 1971 in terms of the identification of the
period locus inD. melanogastef32]. Perhaps the reason behind the delay was the prevalent
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Fic. 1(a—c). Representative locomotor activity records of individual fliest @hiedividuals reared in LL, LD and DD
regimes as pre-adults were (a) 24.33 h, (b) 24.78 h, and (c) 23.24 h, respectively. The abscissa represents time of
while ordinate represents the number of days. Thick bars indicate activity while horizontal lines indicate rest. The lin
across the onsets of locomotor activity are indicative of the trend and were not used to calculagt®ttiged after

[16]).

belief among some circadian rhythm researchers that multiple genes control circadian clock
Since mid-80s, when the first clock geperiod (per) was cloned, thousands of papers have
been published describing newer genes and their role in the time-keeping mechanism. In t
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recent past, several molecular models have been proposed, most of which are bas#tbon
observations. The surgeimvitro analyses has led to frequent revisions of these models. Despite
the recent rush in molecular genetic approach to understand regulation of circadian clocks
have very little idea about how the self-sustained oscillations are generated, how they are translz
into behavioral rhythms and how these molecular oscillations are fine-tuned by various Zeitgebe
[time cues] [33], [34]. The latest molecular model postulated while this paper was being writte
is described in Fig. 2.

The Drosophilamolecular circadian clocks consist of a series of precisely timed steps tha
are kept deliberately slow. These steps are part of three interlinked transcription—translati
(TTL) feedback loops that function in tandem [29], [31], [34]. Such loops have also been describe
for cyanobacteria [36], [37Neurospord28], [38], mammals [30], [39] and recently for plants
[40]. Different sets of genes regulate circadian rhythmicity in a more or less conserved mechani:
in a wide range of organisms. The TTLs generate self-sustained oscillations in behaviour a
physiology even in constant conditions [41]-[43] that can be entrained by LD cycles [44]-[48]

In Drosophila mRNA and protein levels of two clock genpsriod (per) andtimelesgtim)

(per. 33, 41;tim: 49-52) show rhythmic abundance. The mRNAs peak during the early part of
the night (ZT13-ZT16) [53], [54], whereas proteins peak late in the night (ZT18-2T24) [55]-
[58]. The proteins PER and TIM enter the nucleus as dimer complex formed by protein—prote
interaction and negatively regulate their own transcription [59]. Although PER and TIM do no
have DNA-binding domains, they influence their own transcription by physically associating
with other transcription factors [60]—[63]. Recent experiments have demonstrated that PER alo
may be sufficient to negatively regulate its own transcription [64], [65].

In flies with clock (clk) [66] and/orcycle(cyd) [67] mutation per andtim expression is low
and not cycling, suggesting that these genes act as positive regulgterafaitim transcription.
In addition to PAS, a protein—protein interaction domain [66]-[68], CLK and CYC also contair
a basic helix-loop-helix (bHLH) region which allows further protein—protein interaction and
most importantly binding to DNA [66], [67]. The CLK/CYC heterodimer binds to the E-box in
tim andper promoter region, which subsequently leads to production of high levels of PER/TIM
complex, which then moves into the nucleus and interacts with CLK/CYC. Since PER persis
in the nucleus longer than TIM during early part of the day [55]-[57], and even as a monomer
an efficient transcriptional repressorpsr andtim genes [64], the role of TIM in the negative
feedback loop is arguable [69].

Theclk gene is rhythmically expressed 12 h out of phase compapedaodtim expression,
i.e.clk MRNA peaks late in the night (ZT23-ZT4) [60], [69]. Thsophilacyc on the other
hand, does not cycle and is constitutively expressed in the cytoplasm. It is believed that PE
TIM dimer activateslk transcription becausgk mRNA is high at times when PER/TIM levels
are high, and iper®* andtim®™ mutantsclk mRNA is expressed at very low levels [70]. Mutants
lacking functionaklk andcycexpresslk mRNA at constitutively high levels, suggesting that
PER/TIM acts as a derepressorcti transcription, and that CLK/CYC may be the repressors
[31], [71]. Recently it was shown that the CLK/CYC activates the transcription of the gene
vrille [vri] andPar domain protein IPdpJ). clk transcription is first repressed by VRI and then



ON THE SIGNIFICANCE OF CIRCADIAN CLOCKS FOR INSECTS 7

N-PER [/
alfth &
TIM

CYC/CLK

PER VRI

protein ; A
T PDPI1
TH\:[ . per & tim
protein
A

vri & Pdpl

ner mRNA \\k Pdnl mRNA l

Fic. 2. The model of thBrosophilamolecular circadian clock involving the gemesiod (per), timelesgtim), Drosophila

Clock (clk), andCycle (cyg); the mRNA and protein levels of the two clock gerges,andtim show rhythms in
abundance. The mRNAs peak during the early part of the night (ZT13-ZT16), whereas the proteins peak late in 1
night (ZT18-2T24). PER and TIM enter the nucleus as a complex formed by protein—protein interaction. €The gene
is rhythmically expressed 180ut of phase compared tion andper expression, i.eclk mMRNA peaks late in the night
(2T23-2T4) whileDrosophilacycledoesn’t cycle, and is constitutively expressed in the cytoplasm. It is believed that
PER/TIM activateslk transcription, and CLK activates the transcription of the geriés (vri), andPdplwhose
protein inhibits transcription aflk as well as other output genes.

activated by PDP1 [31], [72]. Repression and activatioallofire separated by the different
phases of VRI and PDP1.

According to the molecular model Bfosophilacircadian clockshigh levels of PER/TIM
within the nucleus at night block the action of positive transcription factors CLK/CYron
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andtim, but derepresdk. Thereforeclk mRNA level is high wheperandtim mRNA levels go
down. PER/TIM levels fall early in the morning, first TIM gets degraded and then the proteir
double time (DBT) degrades PER [71], releasing the CLK/CYC dimers to reficéssmscription.

After a delay, due to DBT-mediated degradation of PER, PER and TIM form dimer and ente
the nucleus to derepredg, and thus the cycle continues [31], [71]. DBT promotes the progressive
phosphorylation of PER, leading to rapid degradation of hyper-phosphorylated isoforms by tt
ubiquitin-proteasome pathway [73LIMB, an F-box/WD 40-repeat protein, functioning in the
ubiquitin-proteasome pathway, interacts preferentially with phosphorylated PER and stimulate
its degradation [73]. Overexpressiorstimbor expression in clock cells of a dominant-negative
version ofslimbdisrupts normal rhythmic activity in flies.

The rhythmically expressed geoeyptochromegcry) appears to act both as a photopigment
as well as a core clock component [47], [74]. CRY protein is a flavoprotein belonging to the
family of 6,4-photolyases, and is able to absorb light and act as a photopigment [47], [75], [76
The cry mutant €ry?), with modified flavin-binding sites due to one amino-acid substitution,
exhibits an altered circadian phenotype [75]. Experiments using S2 cell lines demonstrate
physical interaction between CRY and TIM, and the ability of CRY to inhibit PER/TIM repression
of dCLK/CYC-mediated E-box transcription [77]. However, the effect of CRY on transcription
requires constant light (in nucleus), while in the cytoplasm CRY is able to bind to TIM in DD.

The genevri [78], [79] is rhythmically transcribed in the lateral neurons (LNs) in phase with
tim andper. The LNs are the sites of putative circadian pacemakers for locomotor activity rhythn
in Drosophilg overexpression afri mimics blocking oper andtim expression. In additionyi
is under the control of the same loops that regyletandtim mRNA levels [31], [78].

Some of the genes are awaiting confirmation of their roles in the circadian molecula
mechanisms. The gertak, whose product encodes an RNA-binding protein, is involved in
eclosion but not locomotor activity rhythm [80], [81]. The protein LARK cycles in abundance
in a restricted number of neurons in the central nervous system and the ventral lateral neurt
LNs of late stage pupae, with higher levels in the day, suggesting its role in determining the gz
of eclosion. The protein co-localizes with a neuropeptide CCAP which plays a role in inse
ecdysis [81 and reference therein]pbr-null mutants, the cycling of LARK disappears.

The genepigment dispersing factofpdf), probably the primary factor for transmitting
information about circadian time to the effector organs, responsible for executing circadia
locomotor activity rhythm [82], [83], is expressed in a subset of the larval and adult brair
pacemaker cells. Although the transcript of the gene does not cycle, its protein does at spec
nerve terminals, in a manner dependent on functeralndtim. The circadian behavior pdf
mutant is similar to transgenic with ablated circadian pacemaker cells.

A number of output genes has also been identified and their role in the circadian regulato
mechanisms has been described [84]. The transcript and the protein of one of the recently identif
genegake out localize to corpora cardiaca, crop, and antennae and is found to oscillate [85
The expression of this gene is induced by starvation and has a sequence similarity with t
juvenile hormone-binding protein as well as the product of the gene adjapenitt®rosophila
[86].
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3. Why do we have circadian clocks?

Circadian clocks are believed to confer adaptive value in two w@yfsr coordinating various
cyclic processes within an organism (intrinsic adaptive value) and (ii) enabling organisms t
keep track of local time by maintaining a stable phase relationship with cyclic environmente
factors (extrinsic adaptive value).

Though some studies on organisms living in the deep sea and subterranean caves repo
either no overt circadian rhythms or rhythmic processes with periodicities very deviant from 2
h [87], [88], more recent studies on cave-dwelling organisms have reported several instances
intact circadian clocks [89], [90]. We, in our laboratory, used four populatidhswélanogaster
that have been reared under constant conditions inside incubators where light (of about 100
intensity), temperature (24 #C) and relative humidity (85%) were kept constant for over 600
generations, to investigate whether circadian clocks confer intrinsic adaptive value. We studi
eclosion (act of emergence of adult flies from pupal case), locomotor activity and ovipositio
(act of egg laying) rhythms to see whether these flies have retained functional circadian cloc
after living in an aperiodic environment for several hundreds of generations. Time series dg
obtained for eclosion and oviposition rhythms were subjected to Fourier spectral analysis usi
STATISTICA™ (Statsoft) [91] and statistical significance of observed patterns in the periodogran
was tested using the technique suggested by Siegel [92] (Fig. 3). Locomotor activity data w
analyzed using linear regression lines drawn across onsets of activity [7]. All three rhythm
free-ran in constant conditions and interestingly showed stable entrainment to a wide range
laboratory LD cycles (10:10 h, 12:12 h and 14:14 h) [5]-[7], [93]. The light regime in which the
locomotor activity rhythm was assayed also influenced the fraction of flies exhibiting a circadia
rhythmicity (Fig. 4). The fraction was 26.4% and 77% when assayed in LL and DD, respectivel;
In LL, the fraction of rhythmic flies (experiment 2) increased significantly after an exposure tc
dark pulse during the pre-adult stage (experiment 1) (Fig. 4). The results thus suggest tha
large fraction of flies across all four populations (LL1, LL2, LL3, LL4) that lived in an aperiodic
environment for several hundred generations has retained the capacity to exhibit circadian rhyth
in DD, and even in bright LL (Fig. 4). Fitness studiesDonmelanogastepopulations suggest
that traits which do not confer any fithess advantage under a given environment are rapic
(within 100-150 generations) affected adversely by mutation accumulation [94], and if the tra
involved bears some cost, the decline can be even faster (within 20-50 generations) [95], [9
The fact that the flies used in our experiments exhibit circadian rhythms of locomotor activit
[7], oviposition [6] and eclosion [5], which can entrain stably to LD cycles of wide range of
periodicities [93], suggests that circadian rhythms do have some intrinsic adaptive value.

Some attempts have also been made to demonstrate extrinsic adaptive significance of circac
clocks in periodic environments, by estimating longevitfpomelanogastef97] and blow fly
Phormia terraenovag98] under LD cycles of several periodicities and in Lbngevity was
used as a measure of fithess in most previous studies on adaptive significance of circad
rhythms. Hence it was speculated that organisms with periodicity close to those of the
environmental periodicity have greater fithess advantage compared to other periodic regim
deviating from the 24 h framework. However, in a separate study Klarsfeld and Rouyer [9¢
reported contrasting results wiper mutants oD. melanogasterThe advantage of possessing



10 VIJAY KUMAR SHARMA

o
=]

i = 0.0

u— S

o 4 < o2

£

3 27 ©.1

£ - so by Lorry

g 1 - 15 20 25 30 35
o circadian periodicity

24 48 72 56 120 144 168 192 2186

time in hours

@
]
e
8
2
E |LD
Pu—
=1 0.8
[«] 24 0
= a 0.6
o
Q.4
£ . §
wn 5 o2
o 2
:l_: 0 & .E 0.0 S
(=4 24 48 72 ) 120 144 168 192 216 Q 15 20 25 90 83
£ =
D © ©.8
o | DD 5 20, 0
[33 = 0.6
S 4 ]
[ & 0.4
et
S 0.2
g 2 0.0 n ol
E 15 20 25 30 35
E N e oo = e
S o circadian periodicity
24 a8 72 96 120 144 168 192 2186 240
time in hours
time of the day (hours)
0000 1200 00% 1200 00°
C I T T .. 1

Fic. 3. One representative figure each from the (a) eclosion (act of emergence of adult flies from pupal case), |
locomotor activity, and (c) the oviposition (number of eggs laid by a female in 2 h interval) rhythm of four populations
(LL1, LL2, LL3, LL4) of D. melanogastewhich lived in an aperiodic environment for more than 600 generations. The
three rhythms free-ran in constant conditions and showed stable entrainment to laboratory LD cycles (12:12 h; modifi
after [5]-[8]).
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Fic. 4. Representative locomotor activity records of flies assayed in LL regime exhibiting (a) circadian rhythm and (k
arrhythmicity. Abscissa shows time of day while ordinate shows number of days. Thick bars indicate activity, while
horizontal lines indicate rest (modified after [7]). (c) Fraction of flies that exhibited circadian locomotor activity rhythm
when assayed after subjecting them to four different experimental protocols. In all four experiments, the flies we
maintained in LL during the pre-adult stage. In experiment 1, the locomotor activity of adults was monitored in LL
(intensity of about 100 lux) for 30 days immediately after eclosion. In experiment 2, freshly laid eggs were subjecte
to 12 h of darkness after which the same protocol as in experiment 1 was followed. In experiment 3, the locomot
activity of adults was first monitored under LD 12:12 h for 15 days and then in DD for the next 15 days, while ir
experiment 4 the adult locomotor activity was monitored in DD for the first 15 days after eclosion. In experiments 1,

and 4 both males and females were assayed, while in experiment 2 only male flies were assayed (modified after [’
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circadian clocks was also assessed in golden-mantled ground sdbireetsophilus lateralis
[100]-[102] and Siberian chipmunlksitamias sibiricu$103]. Removal of the suprachiasmatic
nucleus (SCN, which is the site of circadian pacemakers of mammals) did not cause any signific:
reduction in longevity under laboratory conditions. However, the longevity of SCN-lesionec
animals was reduced in field conditions, possibly due to impairment of the circadian rhythm ¢
activity and consequent predation [104], [105]. Longevity was used as a measure of fitness
most of the previous studies on adaptive significance of circadian rhythms. It is well documente
in Drosophilathat fecundity and longevity trade off [106], and therefore using longevity as the
sole indicator of fitness could be erroneous.

The cyanobacteriundynecchococcusp. was used to study the adaptive significance of
circadian rhythms [4]. Three mutant strains with distinaf bioluminescence rhythm were
competed against one another in various combinations under several LD cycles (LD 12:12
11:11 h, LD 15:15 h) (Fig. 5). The results showed that the strain whose periodicity closel
matched those of the LD cycles, out-competed others [4], thus suggesting that circadian rhyth
do confer extrinsic adaptive value.

Several studies obrosophilareported latitudinal clines, with the higher northern latitude
populations showing a difference in timing of eclosion, locomotor activity and oviposition rhythms
in LD cycles than the ones from lower latitude [107]-[109]. The observed latitudinal clines
were taken as evidence for the adaptive significance of circadian rhythms [69]. However, t
existence of latitudinal clines for circadian rhythms can only be considered as indirect evidenc
for adaptation as there may be many factors that are uncontrolled in these studies such as
ancestry and other geographical factors that may be different in different regions. Moreover, tl
fact that these studies have been mostly done on inbred cultures which have been raised in
laboratory from isofemale lines further complicates the issue [8].

4. How many circadian clocks do we have?

Multiple circadian clocks (oscillators) have been suggested to be operational in some organisr
The marine dinoflagellat&onyaulax polyedraexhibits circadian rhythms in photosynthesis,
cell aggregation, superoxide dismutase production, phototaxis, bioluminescence and cell divisi
[110], which are under the control of two oscillatory subsystems [111]. In LL, the locomotor
activity rhythm of the Arctic ground squirrel and Syrian hamsters broke up into two component:
and each component free-ran with a different period [11], [112]. The Saturnid moths posse
two independently light entrainable circadian clocks, one in the forebrain and another in th
prothoracic gland [113]. At least three different clocks are believed to regulate initiation of
larval wandering, diapause induction and pupal eclosion rhythms in the fleShréigphaga
argyrostoma adult locomotor activity, the deposition of cuticular growth layers on thoracic
apodemes and duration of larval wandering, are also likely to be controlled by different circadic
clocks [114]. Therefore the circadian architecture in several organisms appears to be mul
oscillatory [110], [115], [116].

In D. melanogastertwo physiological processes, vitellogenesis and egg retention regulate
oviposition [117]. Vitellogenesis, which is controlled by the circadian clocks, could play a majo
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Fic. 5. Three mutant strains of the cyanobacteriiynecchococcusp. with distinctr were competed against one
another in various combinations under several LD cycles (LD 12:12 h; 11:11h, LD 15:15 h). The results showed th
the strain whose periodicity most closely matched the LD cycles, out-competed others (modified after [4]).

role in the expression of free-running oviposition rhythms under constant conditionsAtL17].
the molecular levelper mMRNA levels cycle in tissues such as the LNs, the corpora cardiaca
which regulates the eclosion rhythm, gut, malphigian tubules, and the male reproductive syste
[118]-[121], but not in ovaries [27], [122] although oviposition is known to follow a circadian
pattern [6], [123].These results suggest that the oviposition rhythDrasophilamay not be
under the control of circadian clock mechanisms involyieggene.

In D. pseudoobscurgher and the PRC of eclosion and locomotor activity rhythms were
reported to be different, which suggest that separate circadian clocks may control these rhyth
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[124]. In D. melanogastewe reported that thieand they of eclosion, locomotor activity and
oviposition rhythms were significantly different from each other (Fig. 6) [125]. In a separate
study, Helfrich [126] had reported thatln melanogastether of eclosion rhythm and thosé

the locomotor activity rhythm were different. These results suggest that different circadian clock
control eclosion, locomotor activity and oviposition rhythms.

In the per®?, tim®, anddisco mutants ofD. melanogasterlocomotor activity and eclosion
were arrhythmic [127]. In another study, thef oviposition and activity rhythm of thger
mutants and wild type flies were found to be significantly correlated. It was concluded that th
pergene influences the circadian rhythmicity of both activity and oviposition in a similar manne
[123]. The fact that these rhythms can be modified proportionajpgrimutants rules out the
possible role of completely independent circadian pacemakers controlling these three rhythn
Several mutations, likebonyandlark affect, however, either eclosion or locomotor activity
rhythm [128]. These results suggest that different circadian oscillators, if not clocks, contrc
different circadian rhythms iD. melanogastef125].

5. What are the consequences of social organization on circadian clocks?

The influence of social organization on circadian rhythms can be best understood in social inse
and a good amount of work has already gone into understanding this in honeybees. For |
survival of a social insect colony a number of tasks need to be performed simultaneously [12'
Changes in colony sizes, age structures associated with colony development, inter-individu
interactions, time of year, food availability, predation pressure, and climatic conditions, prese!
the individuals of a social insect colony with additional challenges [129]. Circadian rhythms ir
social insects are believed to have played an important role in the development and maintena
of social structure [130]. The activities of various castes are integrated, enabling social inse
colonies to develop and produce reproductives [131].

The activity of an entire colony of the Asian Cape honeyme mellifera capensisllowed
a circadian pattern in DD, suggesting the presence of endogenous circadian clocks and tt
synchronization by social cues [132]-[136]. The timing of activity of an isolated bee driftec
from that of the colony, and theof activity rhythm of the individuals were either longer or
shorter than the of their parent colonies, suggesting mutual synchronization of individuals
while in colony [137]. Honeybees are known to synchronize their foraging activity in both fielo
and laboratory conditions to periodic availability of food [134], [135], [138]-[149]. A possible
mechanism for this synchronization could be physical contacts [150], [151], similar to the soci
synchronization reported in humans [152], [153], beavers [154], bats [155], some other vertebra
(fish [156]; mouse [157], [158]; hamsters [159]) and recentlRriosophilg a species which
was considered to be the least social amongst insects [160].

The honeybedpis mellifera capensisas evolved age-dependent polyethism to coordinate
tasks in its colony; younger bees perform in hive tasks such as taking care of the queen and
broods and cleaning the hive while older bees perform outdoor tasks such as collecting nec
and pollen and guarding the nest [129]. The state of circadian clocks under such age-depenc
polyethism has been extensively investigated in honeybees by monitoring daily patterns of ta
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performance within the colony [161], [162]. The younger bees (for the first 3 weeks of adul
life) that perform hive tasks round the clock, do so without any daily pattern of activity, while
the older bees that collect nectar and pollen exhibit circadian rhythms of activity [129]. The
younger honeybees (during the first 3-5 days after eclosion) do not show any rhythmicity ¢
activity [133], oxygen consumption [163] and temperature regulation [164]. Furthermore, ir
honeybees thper mMRNA levels also appear to be correlated with age [139], older bees having
higher levels of oscillatinger mMRNA than the younger ones.

Honeybee workers have the unique ability to accelerate/decelerate development depend
upon the colony needs [130]. Under situations where the colony has a deficit of foragers, tl
younger bees accelerate development and start foraging precociously; by contrast, foragers re
to performing nursing when the colony has fewer nurses [130]. Such plasticity in the behavior
development of honeybees could present a compelling challenge to their circadian clocks
these workers, and it appears that honeybees have evolved mechanisms to deal with it;
precocious foragers develop circadian rhythmicity and the overage nurses become arrhythn
[131].

Several species of ants occupy distinct temporal niche in the natural environment [165
most probably for temporal partitioning of resources. SpecieMikenecia, Rhytidoponera
Docryon and Iridomyrmexhumilis start activity during mid-day and continue to be active
throughout the day, whereas other species Gkhéobostrumaand Camponotusmake their
appearance in a regularly staggered succession during the night [166]. Ant species such
Pogonomyrmex californicuBogonomyrmex rugoulessor andreiMessor pergadrei, Formica
pilicornis and Myrmecocystus mimicusxhibit circadian activity/rest rhythm under constant
conditions [167]-[170]The activity/rest rhythm remains unchanged when some fragments of
the ant colony were kept under LD cycles [171]. In a separate study the activity/rest rhythm
several species ¢formicawere found to entrain to 12:12 h LD and temperature cycles [172],
[173]. Furthermore, in ants, the virgin queens exhibited circadian rhythm of activity in DD,
which apparently disappeared after mating [174].

We, in our laboratory, have extensively studied the locomotor activity rhythm of severa
castes of the social aGamponotus compressuader constant laboratory conditions (Sharma
VK, Lone S, Goel A, Chandrashekaran MK, unpublished manuscript). The results suggest tt
different castes of workers follow different strategies to maintain coordination in the colony
Our results along with those obtained for honeybees suggest that social insects maintain flexibil
in their circadian clocks perhaps to increase the efficiency of the day-to-day functioning of th
colony.

6. Conclusions

Circadian clocks in the fruit flfp. melanogasteare developmentally plastic; adult flies show
altered circadian patterns depending upon the light regimes experienced during pre-adult sta
or during early adulthood. Such plasticity is viewed as an adaptive strategy of organisms livir
in fluctuating environments
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The molecular mechanisms regulating circadian clocks in the fruit.fimelanogastehas
been worked out in detail and it is believed to consist of interlocked feedback loops based |
transcription and translation of the geipes tim andclk. The CLK and CYC activatger and
tim transcription and repress transcriptiorct via VRI, and PDP1 perhaps by activating the
transcription of the generi and Pdpl PER and TIM, on the other hand, either acting
independently or in a combined manner, inhibit its own transcription by inactivating CLK/CYC
[31].

Empirical studies on organisms living in periodic and constant environments suggest th
circadian clocks confer adaptive value by coordinating various cyclic metabolic processes with
the organism to external environmental cycles. The evidence ranges from persistence of circac
rhythms in organisms living in constant environments to those having fitness advantage in perioc
environments due to circadian clocks. Although the results of most of these experiments sugg
that circadian clocks are adaptive none of these evidences rigorously demonstrate their adap
significance. In order to prove convincingly that circadian clocks are adaptive, one needs"
demonstrate that organisms can evolve circadian rhythmicity and therefore have superior fitne
in their parental environment compared to any other environment. Laboratory selection studi
(both artificial and natural) need to be carried out in various periodic and aperiodic environmen
preferably in organisms with short generation times.

Several studies suggest that the circadian architectOrenielanogasteis multi-oscillatory.
However, at the molecular level the control of various behavioral rhythms is not clearly
understood. Extensive studies are required at behavioral, physiological and molecular levels
understand the multi-oscillatory control of circadian clocks.

The role of circadian clocks in social organization has been investigated extensively i
honeybees. Circadian clocks are believed to have played an important role in the developm
and maintenance of social colonies. Changes in colony size, forager to nurse ratio and colc
age structures result in correlated changes in circadian rhythms. It also appears that the plasti
of circadian clocks could be crucial in maintaining coordination among various castes, enablir
social insect colonies to develop and reproduce. Extensive studies, similar to the ones
honeybees, need to be carried out on other social organisms to explore the role of circad
clocks in social organization.

Acknowledgements

The Jawaharlal Nehru Centre for Advanced Scientific Research, Bangalore, the Department
Science and Technology, New Delhi and the Indian National Science Academy, New Delh
financially supported most of the work presented in this paper. | thank Prof. M. K.
Chandrashekaran, Dr R. J. Lucas and three anonymous reviewers for critically reading t
manuscript and suggesting improvements.

Nomenclature

Zeitgeber time (ZT)-the time in the external environment, ZTO coincides ‘light-on’ and ZT12 ‘lights-off’ of 24 h
(12:12 h) LD cycles.
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Free-running period (t)-time interval between recurrences of a given phase of circadian rhythm under constan
conditions.

Phase relationship between the rhythm and the external environmentj—time interval between a well-defined
phase of the rhythm (e.g. onset of activity or peak of eclosion) and a phase of the LD cycle (e.g. ‘light-on’ of laboratol
LD cycle).

Phase response curve (PRGha plot of phase shifts in the circadian rhythm evoked by exposure to brief stimuli at
various phases as a function of time of exposure.

References

1. T. Kondo, C. A. Strayer, R. D. Kulkarni, W. Taylor, M. Ishiura, S. S. Golden and C. H. Johnson, Circadian
rhythms in prokaryotes: Luciferase as a reporter of circadian gene expression in cyanoPaotefi&@tn. Acad.
Sci. USA90, 5672-5676 (1993).

2. C. H.Johnson, S. S. Golden, M. Ishiura and T. Kondo, Circadian clocks in prokaioteMicrobiol., 21,
5-11 (1996).

3. T. Roenneberg and R. G. Foster, Twilight times: light and the circadian syRietochem. Photobigl66,
549-561 (1997).

4. Y. Ouyang, C. R. Andersson, T. Kondo, S. S. Golden and C. H. Johnson, Resonating circadian clocks enhat
fitness in cyanobacteri®roc. Natn. Acad. Sci. US85, 8660-8664 (1998).

5. V. Sheeba, V. K. Sharma, M. K. Chandrashekaran and A. Joshi, Persistence of eclosion rhythms in populations
Drosophila melanogasteafter 600 generations in an aperiodic environmiaturwissenschafte®6, 448—449
(1999).

6. V. Sheeba, M. K. Chandrashekaran, A. Joshi and V. K. Sharma, Persistence of oviposition rhythm in individua
of Drosophila melanogasteeared in an aperiodic environment for several hundred generatidaspl Zool,
290, 541-549 (2001).

7. V. Sheeba, M. K. Chandrashekaran, A. Joshi and V. K. Sharma, Locomotor activity rhybrosophila
melanogasteafter 600 generations in an aperiodic environmdaturwissenschafte®9, 512-514 (2002).

8. V. K. Sharma and A. JoshZlocks, genes and evolution: The evolution of circadian organisation in biological
clocks(V. Kumar, ed.), pp. 5-23, Narosa Publishers and Springer-Verlag (2002).

9. C.S. Pittendrigh and S. Daan, A functional analysis of circadian pacemakers in nocturnal rodents: IV. Entrainme!
Pacemaker as clocl, Comp. Physiol. ALO6, 291331 (1976).

10. M. C. Moore-Ede, F. M. Sulzman and C. A. Fullére clocks that time us. Physiology of the circadian timing
systemHarvard University Press (1982).

11. C. S. Pittendrigh, Circadian rhythms and the circadian organization of living sy§teldsSpr. Harb. Symp.
Quant. Biol.,25, 159-184 (1960).

12. P. G. Sokolove, Locomotory and stridulatory circadian rhythms in the cllielatgryllus commodus, Insect
Physiol, 21, 537-558 (1975).

13. N. D. Christensemhe circadian clock of Hemediena thoracica as a system of coupled oscilitds, Thesis,
University of Auckland, New Zealand, p. 239 (1978).

14. R. K. Barrett and T. L. Page, Effects of light on circadian pacemaker development. I. The free running periof
J. Comp. Physiol. AL65 41-49 (1989).



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

ON THE SIGNIFICANCE OF CIRCADIAN CLOCKS FOR INSECTS 19

D. G. M. Beersma, S. Daan and R. A. Hut, Accuracy of human circadian entrainment under fluctuating ligf
conditions: contributions of phase and period respodsé&ipl. Rhythmsl4, 320-329 (1999).

V. Sheeba, M. K. Chandrashekaran, A. Joshi and V. K. Sharma, Developmental plasticity of the locomotor activi
rhythm ofDrosophila melanogasted. Insect Physiol 48, 25-32 (2002).

V. K. Sharma, A simple computer-aided device for monitoring activity of small mammals and insects,
Biol. Rhythm Res34, 3-12 (2003).

V. K. Sharma and S. Daan, Circadian phase and period responses to light stimuli in two nocturnal roden
Chronobiol. Int, 19, 659-670 (2002).

V. K. Sharma, Period responses to zeitgeber signals stabilize circadian clocks during entr@immoeolbiol.
Int., 20, 389-404 (2003).

R. J. Konopka, C. S. Pittendrigh and D. Orr, Reciprocal behaviour associated with altered homeostasis a
photosensitivity oDrosophilaclock mutants,). Neurogenetic®, 1-10 (1989).

T. L. Page and R. K. Barrett, Effects of light on circadian pacemaker development Il. Responselt€lighp.
Physiol. A 165, 51-59 (1989).

K. Tomioka and Y. Chiba, Light cycle during post-embryonic development affects adult circadian parameters
the cricket Gryllus bimaculatusoptic lobe pacemaked, Insect Physiol.35, 273-276 (1989).

K. Tomioka and Y. Chiba, Photoperiod during post-embryonic development affects some parameters of adi
circadian rhythm in the crick&@ryllus bimaculatusZool. Sci, 6, 565-571 (1989).

D. Weinert, Age-dependent changes of the circadian sySfemnobiol. Int, 17, 261-283 (2000).
V. K. Sharma, Do biological clocks age like their ownéhsiz. Indian Natn. Sci. Acad., B7, 373—-388 (2001).

S. Michel, M. E. Geusz, J. J. Zaritsky and G. D. Block, Circadian rhythm in membrane conductance expressed
isolated neuronsScience259, 239-241.

J. D. Plautz, M. Kaneko, J. C. Hall and S. A. Kay, Independent photoreceptive circadian clocks throughol
Drosophila Science278 1632-1635 (1997).

J. J. Loros and J. C. Dunlap, Genetic and molecular analysis of circadian rhythesgraspora A. Rev.
Physiol, 63, 757-794 (2001).

J. A. Williams and A. Sehgal, Molecular components of the circadian systBnosnphilg A. Rev. Physial.
63, 729-755 (2001).

S. M. Reppert and D. R. Weaver, Molecular analysis of mammalian circadian rhthiRey. Physial.63,
647-676 (2001).

N. R. Glossop, J. H. Houl, H. Zheng, F. S. Ng, S. M. Dudek and P. E. Hardin, VRILLE feeds back to contro
circadian transcription dflockin theDrosophilacircadian oscillatoiNeuron 37, 249-261 (2003).

R. J. Konopka and S. Benzer, Clock mutant®mfsophila melanogasteiProc. Natn. Acad. Sci. USA&S,
2112-2116 (1971).

J. C. Hall, Tripping along the trail to the molecular mechanisms of biological cldéks, 18, 230-240 (1995).

J. Blau, Thérosophilacircadian clock: what we know and what we don’t kn®emin. Cell Dev. Bigl12
287-293 (2001).

E. Bunning. Ueber die erblichkeit der tagesperiodizitaet bePHaseolusBlaettern Jb. Wiss. Bot.77, 293-320
(1932).



20

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

VIJAY KUMAR SHARMA

H. lwasaki and T. Kondo, The current state and problems of circadian clock studies in cyanoBactsih,
Physiol, 41, 1013-1020 (2000).

T. Mori and C. H. Johnson, Circadian programming in cyanobacsenmain. Cell Dev. Bigl12, 271-278 (2001).

M. Merrow, T. Roenneberg, G. Macino and L. Franchi, A fungus among ulletltespora crassaircadian
systemSemin. Cell. Dev. Bigl12, 279-285 (2001).

E. D. Herzog and G. Tosini, The mammalian circadian clock Sepin. Cell Dev. Biol12, 295-303 (2001).

D. Alabadi, T. Oyama, M. J. Yanovsky, F. G. Harmon, P. Mas and S. A. Kay, Reciprocal regulation betwee
TOC1 and LHY/CCAL1 within thérabidopsiscircadian clockScience293 880-883 (2001).

T. A. Bargiello, F. R. Jackson and M. W. Young, Restoration of circadian behavioural rhythms by gene transfer
Drosophila Nature 312, 752—754 (1984).

N. Gekakis, D. Staknis, H. B. Nguyen, F. C. Davis, L. D. Wilsbacher, D. P. King, J. S. Takahashi and C. J. Weit
Role of the CLOCK protein in the mammalian circadian mechar&ience280, 1564—-1569 (1998).

J. J. Loros and J. F. Feldman, Loss of temperature compensation of circadian period lenfiip @ntlugant of
Neurospora crassal. Biol. Rhythmsl, 187-198 (1986).

U. Albrecht, B. Zheng, D. Larkin, Z. S. Sun and C. C. beReerlandmPer2are essential for normal resetting of
the circadian clock]. Biol. Rhythmgsl6, 100-104 (2001).

P. L. Lakin-Thomas and S. Brody, Circadian rhythm&léurospora crassdipid deficiencies restore robust
rhythmicity to null frequency and white-collar mutar®soc. Natn. Acad. Sci. US87, 256—261 (2000).

M. Merrow, M. Brunner and T. Roenneberg, Assignment of circadian function fétetlresporaclock gene
frequencyNature 399, 584-586 (1999).

R. Stanewsky, M. Kaneko, P. Emery, B. Beretta, K. Wagner-Smith, S. A. Kay, M. Rosbash and J. C. etafl, The
mutation identifiecryptochromeas a circadian photoreceptorlnosophila Cell, 95, 681-692 (1998).

B. Zheng, U. Albrecht, K. Kaasik, M. Sage, W. Lu, S. Vaishnav, Q. Li, Z. S. Sun, G. Eichele, A. Bradley anc
C. Lee, Nonredundant roles of tiéerlandmPer2genes in the mammalian circadian claCk|l, 105 683-694
(2001).

P. Reddy, W. A. Zehring, D.A. Wheeler, V. Pirrotta, C. Hadfield, J. C. Hall and M. Roshbash, Molecular analysi
of period locus irDrosophila melanogasteand identification of a transcript involved in biological rhyth@sl|,
38, 701-710 (1984).

A. Sehgal, J. L. Price, B. Man and M. W. Young, Loss of circadian behavioural rhythper &NA oscillations
in the Drosophilamutanttimeless Science263, 1603—1606 (1994).

M. P. Myers, K. Wagner-Smith, C. S. Wesley, M. W. Young and A. Sehgal, Positional cloning and sequenc
analysis of thérosophilaclock genetimelessScience270, 805-808 (1995).

N. Gekakis, L. Saez, A. M. Delahaye-Brown, M. P. Myers, A. Sehgal, M. W. Young and C. J. Weitz, Isolation o
timelessy PER protein interaction: defective interaction betwiaealessprotein and long-period mutant PER
Science270, 811-815 (1995).

P. E. Hardin, J. C. Hall and M. Rosbash, Feedback drbsophilaperiod gene product on circadian cycling
of its messenger RNA levelSature 343 536-540 (1990).

A. Sehgal, A. Rothenfluh-Hilfiker, M. Hunter-Ensor, Y. F. Chen, M. P. Myers and M. W. Young, Rhythmic
expression otimelessa basis for promoting circadian cyclesperiod gene autoregulatior§cience 270,
808-810 (1995).



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

ON THE SIGNIFICANCE OF CIRCADIAN CLOCKS FOR INSECTS 21

H. Zheng, Z. Quian, M. P. Myers and M. Roshbash, A light entrainment mechanismDoosbphilacircadian
clock, Nature 380, 129-135 (1996).

C. Lee, V. Parikh, T. Itsukaichi, K. Bae and |. Edery, ResettinBtbsophilaclock by photic regulation of PER
and PER-TIM complexScience271, 1740-1744 (1996).

M. Hunter-Ensor, A. Ousley and A. Sehgal, Regulation dbtheophilaproteintimelesssuggests a mechanism
for resetting the circadian clock by ligi@ell, 84, 677-685 (1996).

I. Edery, L. J. Zwiebel, M. E. Dembinska and M. Roshbash, Temporal phosphorylatiomodésbphilaperiod
protein,Proc. Natn. Acad. Sci. US$SA1, 2260-2264 (1994).

L. Saez and M. W. Young, Regulation of nuclear entry ofDtwsophila clock proteins period antimeless
Neuron 17, 911-920 (1996).

T. K. Darlington, K. Wager-Smith, M. F. Ceriani, D. Staknis, N. Gekakis, T. D. L. Steeves, C. J. Weitz,
J. S. Takahashi and S. A. Kay, Closing the circadian loop: CLOCK-induced transcription of its own inpésitors
andtim, Science280, 1599-1603 (1998).

C. Lee, K. Bae and |. Edery, Tirosophila CLOCK protein undergoes daily rhythms in abundance,
phosphorylation and interactions with the PER-TIM compidaairon 21, 857-867 (1998).

C. Lee, K. Bae and |. Edery, PER and TIM inhibit the DNA binding activity Dfasophila CLOCK-CYC/
dBMALL1 heterodimer without disrupting formation of the heterodimer: a basis for circadian transcivfxion,
Cell. Biol, 19, 5316-5325 (1999).

K. Bae, C. Lee, P. E. Hardin and |. Edery, dCLOCK is present in limiting amounts and likely mediates dail
interactions between the dCLOCK-CYC transcription factor and the PER-TIM combl&eurosci. 20,
1746-1753 (2000).

A. Rothenfluh, M. W. Young and L. Saez, A TIMELESS-independent function for PERIOD proteins in the
Drosophilaclock, Neuron 26, 505-514 (2000).

O. T. Shafer, M. Rosbash and J. W. Truman, Sequential nuclear accumulation of the clock protein period a
timelessin the pacemaker neurons@fosophila melanogasted. Neurosci.15, 5946-5954 (2002).

R. Allada, N. E. White, W. V. So, J. C. Hall and M. Roshbash, A miteogophilahomolog of mammalian
Clockdisrupts circadian rhythms and transcriptiopefiod andtimeless Cell, 93, 791-804 (1998).

J. E. Rutila, V. Suri, M. Le, W. Venus So, M. Roshbash and J. C. Hall, CYCLE is a second bHLH-PAS clocl
protein essential for circadian rhythmicity and transcriptioDmasophilaperiod andtimelessCell, 93, 805-814
(1998).

Z. J. Huang, |. Edery and M. Rosbash, PAS is a dimerization domain comD@sophilaperiod and several
transcription factord\ature 364, 259—-262 (1993).

E. Rosato and C. P. Kyriacou, Flies, clocks and evolu®ibih, Trans. R. Soc. Lond., B56, 1769-1778 (2001).

K. Bae, C. Lee, D. Sidolte, K. Y. Chuang and |. Edery, Circadian regulatiodafsaphila homolog of the
mammalianClockgene: PER and TIM function as positive regulatits|. Cell. Biol, 18, 6142—6151 (1998).

N. R. Glossop, L. C. Lyons and P. E. Hardin, Interlocked feedback loops witRiro@philacircadian oscillator,
Science286, 766—768 (1999).

S. A. Cyran, A. M. Buchsbaum, K. L. Reddy, M.-C. Lin, N. R. J. Glossop, P. E. Hardin, M. W. Young, R. V. Storti
and J. Blauyrille, Pdpl, anddClockform a second feedback loop in tAheosophilacircadian clockCell, 112,
329-341 (2003).



22

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

VIJAY KUMAR SHARMA

H. W. Ko, J. Jiang and |. Edery, RoleSiimbin the degradation ddrosophilaperiod protein phosphorylated by
doubletime Nature 420, 673-678 (2002).

T. Ishikawa, A. Matsumoto, T. Kato Jr, S. Togashim, H. Ryom, M. Ikenagam, T. Todo, R. Ueda and T. Tanimur:
DCRY is aDrosophilaphotoreceptor protein implicated in light entraiment of circadian rhy@emes Cells
4, 57-65 (1999).

P. Emery, W. V. So, M. Kaneko, J. C. Hall and M. Roshbash, CRYpsophila clock and light-regulated
cryptochrome, is a major contributor to circadian rhythm resetting and photosensl&lit95, 669—679 (1998).

R. G. Foster and C. Helfrich-Forster, The regulation of circadian clocks by light in fruitflies and mice,
Phil. Trans. R. Soc. Lond, B56, 1779-1789 (2001).

M. F. Ceriani, T. K. Darlington, D. Staknis, P. Mas, A. A. Petti, C. J. Weitz and S. A. Kay, Light-dependent
sequestration of TIMELESS by CRYPTOCHROMEgience285 553-556 (1999).

J. Blau and M. W. Young, Cyclingrille expression is required for a functioriatosophila clock, Cell, 99,
R512—-R513 (1999).

H. George and R. Terracol, Tirdlle gene oDrosophilais a maternal enhanceradcapentaplegiand encodes
a new member of the bZIP family of transcription fact@enetics 146, 1345-1363 (1997).

L. M. Newby and F. R. Jackson, A new biological rhythm mutamro$ophilamelanogastethat identifies a
gene with an essential embryonic functi@gnetics135 1077-1099 (1993).

G. P. McNelil, X. Zhang, G. Genova and F. R. Jackson, A molecular rhythm mediating circadian clock output i
Drosophila Neuron 20, 297-303 (1998).

S. C. Renn, J. H. Park, M. Rosbash, J. C. Hall and P. H. Taghetfnduropeptide gene mutation and ablation
of PDF neurons each cause severe abnormalities of behavioral circadian rhytbmesdphila Cell, 99,
791-802 (1999).

J. H. Park, C. Helfrich-Férster, G. Lee, L. Liu, M. Rosbash and J. C. Hall, Differential regulation of circadian
pacemaker output by separate clock gen&rasophila Proc. Natn. Acad. Sci. USA7, 3608—-3613 (2000).

F. R. Jackson, A. J. Schroeder, M. A. Roberts, G. P. McNeil, K. Kume and B. Akten, Cellular and moleculz
mechanisms of circadian control in insedtsinsect Physiol47, 833—-842 (2001).

L. Sarov-Blat, W. V. So, L. Liu and M. Rosbash, Thesophila takeougene is a novel molecular link between
circadian rhythms and feeding behaviGell, 101, 647—-656 (2000).

L. J. Lorenz, J. C. Hall and M. Rosbash, Expression @fogopjila mMRNA is under circadian clock control
during pupationPevelopmentl07, 869—-880 (1989).

J. Blume, E. Bunning and E. Gunzler, Zur aktiitarsperiodik bei hohlentibl@rwissenschafter9, 525
(1962).

T. L. Poulson and W. B. White, The cave environm@aignce105 971-981 (1969).

M. Mead and J. C. Gilhodes, Organization temporella de I'activité locomotrice chez un animal cavernicole Blaniult
lichtensteini Brol. (Diplopoda)]. Comp. Physiol90, 47—72 (1974).

A. J. Koilraj, V. K. Sharma, G. Marimuthu and M. K. Chandrashekaran, Presence of circadian rhythms in th
locomotor activity of a cave dwelling milliped@lyphiulus cavernicolus sulgCambalidae, Spirostreptida),
Chronobiol. Int, 17, 757—765 (2000).

STATISTICA™ Vol. 11l, 1995. Statistics Il. Statsoft, Tulsa, UK.

F. J. Siegel, Testing for periodicity in a time serdegy\m. Stat. Ass75, 345-348 (1980).



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

ON THE SIGNIFICANCE OF CIRCADIAN CLOCKS FOR INSECTS 23

D. A. Paranjpe, D. Anitha, S. Kumar, D. Kumar, K. Verkhedkar, M. K. Chandrashekaran, A. Joshi and V. K
Sharma, Entrainment of eclosion rhythmDmosophila melanogastepopulations reared for more than 700
generations in constant light environmedhironobiol. Int.(2003) (in press).

L. D. Mueller, Evolution of accelerated senescence in laboratory populatibnesophilg Proc. Natn. Acad.
Sci. USA84, 1974-1977 (1987).

P. M. Service, P. W. Hutchinson and M. R. Rose, Multiple genetic mechanisms for the evolution of senescence
Drosophila melanogasteEvolution 42, 708—716 (1988).

H. Teotdénio, M. Matos and M. R. Rose, Reverse evolution of fitnd3sophila melanogasted. Evol. Biol,
15, 608-617 (2002).

C. S. Pittendrigh and D. H. Minis, Circadian systems: longevity as a function of circadian resobaasephila
melanogasterProc. Natn. Acad. Sci. USA9, 1537-1539 (1972).

U. Von Saint Paul and J. Aschoff, Longevity among blowfResrmia terranovaeR. D. kept in non-24 hour
light-dark cycles)). Comp. Physiol127, 191-195 (1978).

A. Klarsfeld and F. Rouyer, Effect of circadian mutations and LD periodicity on the life spanosufphila
melanogasterJ. Biol. Rhythmgl3, 471-478 (1998).

I. Zucker, Motivation, biological clocks, and temporal organization of behavior (E. Satinoff and P. Teitelbaum
eds),Handbook of behavioral neurobiologyol. 6, pp. 3—21, Plenum Press (1983).

J. Dark, G. E. Pickard and |. Zucker, Persistence of circannual rhythms in ground squirrels with lesions of tt
suprachiasmatic nucldrain Res, 332 201-207 (1985).

N. F. Ruby, J. Dark, H. C. Heller and I. Zucker, Ablation of suprachiasmatic nucleus alters timing of hibernatio
in ground squirrelsProc. Natn. Acad. Sci. US83, 98649868 (1996).

T. Sato and H. Kawamura, Effects of bilateral suprachiasmatic nucleus lesions on the circadian rhythms in
diurnal rodent, the Siberian chipmurikutamia sibiricuy, J. Comp. Physiol. AL55, 745752 (1984).

P. J. DeCoursey, J. R. Krulas, G. Mele and D. C. Holley, Circadian performance of suprachiasmatic nuclei (SCI
lesioned antelope ground squirrels in a desert encloBhyesjol. Behay.62, 1099-1108 (1997).

P. J. DeCoursey and J. R. Krulas, Behaviour of SCN lesioned chipmunks in natural habitat: a pilot&nidy,
Rhythms13, 229-244 (1998).

M. R. Rose, T. J. Nusbaum and A. K. Chippindale, Laboratory evolution: the experimental wonderland and tf
Cheshire Cat syndrome (M. R. Rose and G. V. Lauder, Adaptation pp. 221-241, Academic Press (1996).

P. Lankinen, Geographical variation in circadian eclosion rhythm and photoperiodic adult diapmaseghila
littoralis, J. Comp. PhysiolA, 159, 123-142 (1986).

P. Lankinen, North-south differences in circadian eclosion rhythm in European populatrosaghila
subobscuraHeridity, 71, 210-218 (1993).

R. Allemand and J. R. David, The circadian rhythm of ovipositiBmasophila melanogastea genetic latitudinal
cline in wild populationsExperientia, 32, 1403-1405 (1976).

T. Roenneberg, The complex circadian systefarfyaulax polyedraPhysiol. Pl, 96, 733-737 (1996).

T. Roenneberg, Tl@onyaulaxcircadian system: Evidence for two input pathways and two oscillators, (T. Hiroshige
and K. I. Honma, edsEvolution of circadian clockpp. 3—20, Hokkaido University Press, Sapporo (1994).

C. S. Pittendrigh, Circadian oscillations in cells and the circadian organization of multicellular systems (F. C
Schmitt and F. G. Worden, ed3he neurosciences: Third study programp. 437-458, MIT Press (1974).



24

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

VIJAY KUMAR SHARMA

C. S. Pittendrigh, Temporal organization: reflections of a Darwinian clock-wafchRev. Physiob5, 17-54
(1993).

D. S. Saunders, Many circadian oscillators regulate developmental and behavioural events in the flesh-i
Sarcophaga agyrostomaChronobiol. Int, 3, 71-83 (1986).

A. L. Scully and A. A. Kay, Time flies farosophila Cell, 100, 297-300 (2000).

M. Zordan, R. Costa, G. Macino, C. Fukuhara and G. Tosini, Circadian clocks: What makes tHehndiodd3iol.
Int., 17, 433-451 (2000).

R. C. King, A. C. Rubinson and R. F. Smith, Oogenesis in BdosbphilamelanogasterGrowth, 20, 121-157
(1956).

K. K. Siwiki, C. Eastman, G. Petersen, M. Rosbash and J. C. Hall, Antibodiesperititegene product of
Drosophilareveal diverse distribution and rhythmic changes in the visual systeumnon 1, 141-150 (1988).

D. M. Zerr, J. C. Hall, M. Rosbash and K. K. Siwiki, Circadian fluctuations of PERIOD protein immunoreactivity
in the CNS and visual system DBfosophilg J. Neurosci.10, 2749-2762 (1990).

B. Frisch, P. E. Hardin, M. J. Hamblen-Coyle, M. Rosbash and J. C. Hall, A promgierledgene mediates
behavioral rhythmicity and cyclicgkrexpression in a restricted subset ofhesophilanervous systenNeuron
12, 550-570 (1994).

P. E. Hardin, Analysis periodmRNA cycling inDrosophilahead and body tissues indicates that body oscillators
behave differently than head oscillatdvil. Cell. Biol, 14, 7211-7218 (1994).

R. J. Konopka, M. J. Hamblen-Coyle, C. F. Jamison and J. C. Hall, An ultrashort clock mutation at the peric
locus ofDrosophila melanogastehat reveals some new features of the fly circadian systefiol. Rhythms9,
189-216, (1994).

C. McCabe and A. Birley, Oviposition in theriodgenotypes obrosophilamelanogasterChronobiol. Int.,15,
119-133 (1998).

W.Engelmann and J. Mack, Different oscillators control the circadian rhythm of eclosion and aciviigaphila
J. Comp. Physiol127, 229-237 (1978).

V. Sheeba, M. K. Chandrashekaran, A. Joshi and V. K. Sharma, A case for multiple oscillators controlling differe!
circadian rhythms ilrosophila melanogasted. Insect Physiol47, 1217-1225 (2001).

C. HelfrichUntersuchungen Uber das circadiane system von fliggenD. Thesis, Tubingen, Germany (1985).

M. S. Dushay, M. Rosbash and J. C. Hall, The disconnected visual system mut&iassjrnilamelanogaster
drastically disrupt circadian rhythms, Biol. Rhythms4, 1-27 (1989).

F. R. Jackson, Circadian rhythm mutant®afsophila (M. W. Young, ed.)Molecular genetics of biological
rhythms pp. 91-120, Marcel Dekker (1993).

G. E. Robinson, Regulation of division of labor in insect socidtieRev. Entomal37, 637—665 (1992).

G. Bloch and G. E. Robinson, Chronobiology: Reversal of honeybee behavioural riyétung, 410, 1048
(2001).

Z. Y. Huang and G. E. Robinson, Honeybee colony integration: worker—worker interactions mediate hormonal
regulated plasticity in division of labdProc. Natn. Acad. Sci. US89, 11726-11729 (1992).

T. Stussi and M. L. Harmelin, Recherche sur I'ontogenese du rythme circadien de la depense d’energie ct
I'’Abeille, C. R. Acad. Sci. Hebd. Seances Acad, 362 2066—-2069 (1966).



ON THE SIGNIFICANCE OF CIRCADIAN CLOCKS FOR INSECTS 25

133. G. H. Spangler, Daily activity rhythms of individual worker and drone honeyAeesEntomol. Soc. Ang5,
1073-1076 (1972).

134. W. Kaiser and J. Steiner-Kaiser, Neuronal correlates of sleep-wakefulness and arousal in a diurh&ltingect,
301, 707-709 (1983).

135. D. Moore and M. A. Rankin, Diurnal changes in the accuracy of the honeybee foraging BigthByll. Mar.
Biol. Lab. Wods Hole 164, 471-482 (1983).

136. D. P. Toma, G. Bloch, D. Moore and G. E. Robinson, Changesiod mRNA levels in the brain and division of
labor in honeybee colonieBroc. Natn. Acad. Sci. USA7, 6914—-6919 (2000).

137. B. Frisch and N. Koeniger, Social synchronization of the activity rhythms of honeybees within aBelaw,
Ecol. Sociobiol.35, 91-98 (1994).

138. B. Frisch and J. Aschoff, Circadian rhythms in honeybees: entrainment by feedingRiyg$és, Entomo).12,
41-49 (1987).

139. A. ForelDas sinnesleben der insektdviuenchen, Reinhard323 (1910).

140. I. Beling, Uber das zeitgedachtnis der bie@envergl. Physiol.9, 259-338 (1929).

141. O. Wahl, Neue untersuchungen Uber das zeitgedéchtnis der Eienergl. Physiol.16, 529-589 (1932).
142. |. Kleber, Hat das zietgedachtnis der bienen biologische bede@ukgfl. Physio|.22, 221-262 (1935).
143. K. Von Frisch, Die sonne als kompass im leben der biéhgrerientia(Basel)6, 210-221 (1950).

144. M. Renner, Neue versuche Uber den zeitsinn der honigBiekergl. Physiol.40, 85-118 (1957).

145. M. F. Bennett and M. Renner, The collecting performance of honey bees under laboratory coBiditidhs).,
125, 416-430 (1963).

146. W. Beier, Beeinflussung der innerren uhr der bienen durch phasenverschiebung des Licht-Dunkel-Zeitgebe
Z. Bienenforschun®, 356-378 (1968).

147. W. Kaiser, Busy bees need rest too: behavioural and elelctromygraphic sleep signs in hah&draps Physiol.
A, 163 565-584 (1988).

148. D. Moore, D. Siegfried, R. Wilson and M.A. Rankin The influence of time of day on the foraging behaviour of
the honeybeeipis melliferaJ. Biol. Rhythms4, 305-325 (1989).

149. S. Sauer and W. Kaiser, Pollen foragers of the honeyApéeerellifera carnicel.) rest in the hive at night, (R.
Elsner and R. Menzel, eds), Learning and memory, p. R&S;. 23rd Gottingen Neurobiology Corffhieme,
Stuttgart (1995).

150. I. Medugorac and M. Lindauer, Das zeitgedachtnis der bienen unter dem einfluss von Narkose und von sozia
ZeitgebernZ. Vergl. Physiol|.55, 450-474 (1967).

151. E. E. Southwick and R. F. A. Moritz, Social synchronization of circadian rhythms of metabolism in honeybee
(Apis melliferg, Physiol. Entomo|.12, 209-212 (1987).

152. J. Aschoff, U. von SainRaul and R. Wever, Die Lebensdauer von Fliegen unter dem Einfluss von
ZeitverschiebungerNaturwissenschafte®8, 574 (1971).

153. R. Wever, Autonomous circadian rhythms in man: singly versus collectively isolated suljettswis-
senschafter62, 443-444 (1975).

154. J. Bovet and E.F. Qertli, Free-running circadian activity rhythms in free-living be@astof canadens)s
J. Comp. Physiol92, 1-10 (1974).



26

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

VIJAY KUMAR SHARMA

G. Marimuthu, S. Rajan and M. K. Chandrashekaran, Social entrainment of the circadian rhythm in the flig
activity of the microchiropteran batipposideros speorji8ehav.Ecol. Sociobiol.8, 147-150 (1981).

M. Kavaliers, Social groupings and circadian activity of the killifislndulus heteroclitusBiol. Bull., 158,
69-76 (1980).

S. M. Reppert and W. J. Schwatrz, Maternal suprachiasmatic nuclei are necessary for maternal coordination of
developing circadian system, Neurosci.6, 2724-2729 (1986).

N. Viswanathan and M.K. Chandrashekaran, Mother mouse sets the circadian clock Bfgupsdian Acad.
Sci. (Anim. Sci, 03, 235-241 (1984).

N. Viswanathan and F. C. Davis, Maternal entrainmemntiohutant hamsterd, Biol. Rhythms7, 65-74 (1992).

J. D. Levine, P. Funes, H. B. Dowse and J. C. Hall, Resetting the circadian clock by social exp&teropliiia
melanogasterScience298 2010-2012 (2002).

Z.-Y. Huang and G.E. Robinson, Regulation of honeybee division of labor by colony age dem@&ghphy,
Ecol. Sociobiol.39, 147-158 (1996).

G. Bloch, D. P. Toma and G. E. Robinson, Behavioural rhythmicity, age, division of labpere&xpression
in the honeybee braid, Biol. Rhythmsl6, 444—-456 (2001).

T. Stussi, Ontogenese du rythme circadien de la depense energetique chez Rableilleci. Physiol(Paris),
26, 161-173 (1972).

M. J. M. Nijland and H. R. Hepburn, Ontogeny of a circadian rhythm in the cluster temperature of hofeybees,
Afr. J. Sci, 81, 100-101 (1985).

B. Holldobler and E. O. Wilsoifthe ants Springer-Verlag (1990).

E. O. WilsonThe insect societieBelknap Press of Harvard University Press, Cambridge, MA (1971).
E. S. McCluskey, Daily rhythms in male harvester and ArgentineSuiece128 536-537 (1958).

E. S. McCluskey, Circadian rhythms in male ants of five diverse sp8ciesice150, 1037-1039 (1965).

E. S. McCluskey, Circadian rhythms in female ants, and loss after matingGlaghp. Biochem. PhysioR3,
665-677 (1967).

E. S. McCluskey, Genetic diversity in phase of rhythm in myrmicine &nks, Y. Entomol. Sqd2, 93-102
(2974).

E. S. McCluskey and S. M. A. Soong, Rhythm variables as taxonomic characters Rsyatig,86, 91-102
(1979).

R. Rosengren, Foraging strategy of wood ants (Formica rufa group), II: Nocturnal orientation and diel periodicit,
Acta Zool. Fennical50, 30 (1977).

R. Rosengren and W. Fortelius, Light: dark induced activity rhythms in Formica ants (Hymenoptera: Formicidae
Ent. Gen, 11, 221-228 (1986).

E. S. McCluskey and C. E. Carter, Loss of rhythmic activity in female ants caused by @atipg,Biochem.
Physiol, 31, 217-226 (1969).



