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Chapter 1:

INTRODUCTION



Ever since life first appeared on this planet it Heeen subjected to daily
cycles of light and dark, and also to seasonalesyof climatic changes. Daily cycles
of light and dark are caused by the 24-hour pecitdpf the earth’s rotation around
its axis. Seasonal climatic changes are causetléb§-year periodicity of the Earth’s
orbit around the Sun. Nearly every organism enhartsechances to survive in its
niche by adapting to these predictable oscillatiointhe surrounding environmerni
this thesis, | have focused on molecular mechanisfshe two most studied
examples of such adaptations: circadian rhythmspaiotbperiodism.

Although both articles presented in this thesis ehdkieir own detailed
introductions, this introduction was written to deithe reader through a bit wider
background, describing the basis of circadian nmgttand photoperiodism and show

their well-documented examples from everyday lffeaovariety of organisms.

Circadian Rhythms:

Circadian rhythms have evolved as a natural adaptaf organisms to daily
cycles of light and dark. These “day-time speciffigtbcesses can be observed on
molecular, physiological or behavioral levels. Thae driven by an endogenous,
genetically determined circadian clock. The preseasfcsuch an internal clock enables
organisms to anticipate upcoming environment chamgedvance. Circadian clocks
exhibit three distinct characteristics common amoallj studied organisms
(Pittendrigh and Daan, 1976). (1) The circadiarcksocan “free-run” in constant
conditions (e.g. constant darkness and temperatutbput any external cues from
surrounding environmental oscillations, with a pdriclose to 24 hours. (2) The
natural cycles of light and temperature, however,sdrve to entrain and phase-
control these endogenous oscillators so that, undarral conditions, their period
matches exactly 24 hours. (3) The circadian cl@rkstemperature insensitive within
a certain range of temperatures. This phenomenorefesred to as temperature
compensation.

Although all living clocks display the above thrdmasic timekeeping
properties, their structural components may diffedely. However, every ,circadian
timing system* consists of three parts: the cloggut pathway, the core oscillator,
and the clock output pathway (Klein et al., 1991).



First, the_clock input pathwagrovides the connection of the clock with the

surrounding environment and is necessary for emtrant. Important part of the input
system are photoreceptors. For example, in theroack and the cricket compound
eyes are the exclusive photoreceptive organs formiement (Page, 1982; Loher,
1972). In several other studied insects speciestopfceptors for entrainment are
distinct from the visual system. Such extraretiplabtoreceptors were found in the
silk moth, butterflies, flies and grasshoppers R&P01; Plautz et al., 1997). The
pineal gland and other extra-retinal photorecept@mng with the retina, were found
to serve for photoentrainment among several refkitea, 1991; Foa et al., 1993;
Janik et al., 1990; Falcon and Collin, 1989) andl lsipecies (Norgren and Silver,
1989; Takahashi, 1987; Takahashi et al., 1989)meEmmals, photic input for

entrainment is provided exclusively by the retifarhazaki et al., 2002).

Second, the core oscillataepresents the actual time-keeping device, the
endogenous clock or pacemaker, for generation ibf deythms. In many cases more
than one pacemaker was identified in studied osgasu If such oscillators drive
circadian rhythms all over the organism’s body,ytlaee usually called primary or
central pacemakers and are commonly found somewhetfge nervous system. If
pacemakers drive circadian rhythms that expresglonhlly, in partial regions of an
organism’s body, they are called secondary or pergd pacemakers and are found in
a variety of non-neural tissues. For example, ldrgsal retinal neurons of the eye
serve as pacemakers and also as photoreceptorseimarine molluscBulla
gouldianaandAplysia californica.(Block and Wallace, 1982; Jacklet and Colquhoun,
1983; Blumenthal et al., 2001).

For insects, the primary pacemakers are found reith@ptic lobe sites of
crickets, cockroaches and beetles or in cerebiz@ kites of moths and flies. The
clocks located in the testes of gypsy moth, indgpelermal cells of cockroaches and
in the prothoracic gland of the motBamia cynthiarepresent well-documented
examples of secondary pacemakers found in insé&tisy lie outside the central
nervous system and appear to have their own plugtptige cells (reviewed in: Page,
2001). The anatomical details of the circadian pedesr in the fruitflyDrosophila
melanogasterwere revealed during the last decade (Helfrichsteoret al., 2007;
reviewed in Hall, 2003). Although several studiesggest that self-sustained
oscillators and their photoreceptors are widelyriisted in the body of the fruitfly,

only a few dorsal and ventral lateral neurons betwihe lateral protocerebrum and



the medulla of the optic lobes appear to haveuhetion of the primary pacemaker in
this species (Plautz et al., 1997; Kaneko and 28i00). Moreover, immunological
studies have shown that some of these circadiaenpaicer neurons in the insect brain
can be labelled with an antibody to a crustacegment dispersing hormone (PDF).
It was suggested that PDF immunoreactivity may eseas a marker of circadian
pacemaker cells in insects (Helfrich-Forster andnHerg, 1993).

Primary circadian pacemakers in reptiles and bafien involve the pineal
gland, the retina and the suprachiasmatic nucl&@&Nj (Foa, 1991; Tosini and
Menaker, 1998; Norgren and Silver, 1989; Underwadal., 1990, 2001). In
mammals the only primary pacemaker is located & $tN (Klein et al., 1991,
Moore and Leak, 2001). Light is projected diredtlythe SCN from the retina via
optic nerves (Meijer 2001; Yamazaki et al., 200R)s0, a variety of peripheral
pacemakers outside the central nervous system Heen demonstrated for
vertebrates (Yamazaki et al., 2000; Buijs and Ked&h 2001; Tosini and Fukara,
2002).

Third, the_clock output pathwasnsures the transfer of the timing information

from the core oscillator to the rest of the orgamighese output pathways include
both neural and humoral signals. For insects, rab#te output signals documented
are involved in the regulation of various developtak events. For example,

secretion of ecdysone, prothoracicotropic hormarteexlosion hormone is under the
control of the circadian pacemaker (reviewed in lBpn2004). One of the most
important circadian output signals found in aviad amammal bodies is the secretion
of the hormone melatonin (Arendt, 1995; Zatz, 1906xf et al., 1998). In mammals,

melatonin is secreted from the pineal gland anditoadian rhythm of its secretion is
driven endogenously by circadian clocks. Its cotragion in plasma is low during

the day and high at night (Shochat et al., 199@m&well known biological effects

of this hormone are its ability to induce sleepntool of seasonal photoperiodic
responses and its potential to entrain circadiatkcl However, the fact that its

production depends on the light cycle means thabust have a modulatory role
rather than a primary role (Reppert et al.,, 1994|libs et al., 1994). In humans,

circadian output rhythm has been well documentsd far another hormone, cortisol.
This adrenal hormone is secreted primarily during day to help mobilize energy
and declines to a minimum at the onset of sleepefér et al.,, 1971; Van Cauter,
1989).



The fact that circadian rhythms are found in villjuall studied organisms
shows their evolutionary importance (reviewed innp, 1999). For example
regulation of the photosynthetic machinery in theiicellular prokaryote
SynechococcugCyanobacteria) shows circadian character (Johretoal., 1996;
Kondo and Ishiura, 2000). The eukaryotic uni€atinyaulax(Dynophyta) exhibits a
of flash bioluminescence rhythm (Hastings and Swgeri959) andParamecium
(Ciliata) shows a mating reactivity rhythm (Miwa at, 1987; Johnson and Kondo,
2001). Many species of higher plants possess c¢acadhythms of photosynthesis,
leave movement, blooming, releasing pollinator&iing fragrances during day-light
hours (numerous orchid species) and closing petaty dipping heads at night

(DeMairan, 1729; Sweeney, 1987). Locomotor actiditythmsare well-documented,

for example, in some rodents (DeCoursey, 1990;iRiaaod Goldman, 2000), bats
(DeCoursey and DeCoursy, 1964), chipmunks (DeCguesal., 2000), the fruitfly

Drosophila melanogaste(Konopka and Benzer, 1971¢ockroaches (Stengl and
Homberg, 1994), moths (Keil et al., 2001), crick@Reichle et al., 1965; Campbell,
1976) and beetles (Fondacaro and Butz, 1970). Sosexts and birds are well

known for expressing their communication rhythresy. fireflies flash at twilight

when males begin to court females (Copeland ands@&fipi1997), crickets call at
night during courtship (Loher, 1972) and many biatt®rus at dawn (reviewed in

Dunlap, 2004)Sleep-wake rhythmare well-documented in a number of rodents and

other mammals. Most of them sleep at night, bus eatd hamsters sleep mostly
during the day (DeCoursey and DeCoursy, 1964; rmitigh and Daan, 1976;

DeCoursey, 1990). Some of them lower their bodypeature during sleep (Lyman
et al., 1982).

Human circadian rhythms free-run in constant coowlst with a period of
approximately 24.3h and entrainment is broughthey light-dark cycle (Czeisler et
al., 1981; Honma et al., 1987; Minors et al., 1991eisler, 1995; Boivin et al., 1996;
Rimmer et al., 2000). Widely studied human rhyttaresthe sleep-wake cycle and the
core body temperature rhythm (Lewis and Lobban,719&choff, 1965; Minors and
Waterhouse, 1981; Moore-Ede and Sulzman, 1981;n&éfiand Menaker, 1991,
Lack and Lushington, 1996; Middleton et al., 198&rphy and Campbell, 1997;
Waterhouse et al., 1999; Baehr et al.,, 2000; Lag2@)1; Edwards et al., 2002;
Palmer, 2002). The core body temperature starfalltan the evening in anticipation

of sleep and rises in the early morning in prepamafor the active phase. Also,



alertness, mental performance, physical activitgl&d, 1990; Monk, 2001) and

levels of the above-mentioned hormones melatonawglet al., 1980; Bojkowski et

al., 1987A,B; Arendt, 1995; Schochat, 1997; Zeiteal., 2000) and cortisol (Krieger
et al., 1971; Van Cauter, 1989) exhibit circadiattgrns in humans. Everyone can
experience the endogenous nature of the circadiaeck avhen travelling across

several time zones by plane, e.g. from Europe té.USich a person will wake up

significantly earlier (several hours) than normalgd this behavior will be entrained
to normal after a few days. This so called “jet’lagll also be experienced when

returning back home (Klein et al., 1972; Arendtakt 2000). Jet lag effects on our
overall condition and performance, resulting infewdd sport results, was also
demonstrated (Recht et al., 1995).

For humans, the social environment is a major detemt of sleep-wake
schedules, even though it is not necessarily irctsypmy with the external natural
light-dark cycle. This is why some individuals erpace considerable difficulty
synchronizing their sleep-awake schedules to tlseseal schedules. For example,
people exposed to circadian stresses at their Wamr&p, mainly shift workers in
around the clock services, often experience aastestkrs like fatique, sleepiness and
reduced efficiency, sometimes resulting in a vgriet accidents (Hamelin, 1987;
Mitler et al., 1988; Moore-Ede, 1993; Rajaratnand &mendt, 2001;). These people
may also eventually develop some of the severaitirsleep-wake syndromes and
mood disorders. For example, FASP (Familial AdvanSéeep Phase syndrome) is
characterized by early sleep onset and offset febal., 1999; Toh et al., 2001).
Patients with DSPS (Delayed Sleep Phase Syndroammjot get to sleep before 2:00
or 3:00 A.M. and they have difficulty waking befdete morning (Uchiyama et al.,
2000; Cole et al., 2002). SAD (Seasonal Affectivieddder) is a seasonal form of
mood disorder and is characterized by periods pfedsion and periods of excitation
(Wehr, 1990; Rosenwasser and Wirz-Justice, 1998@¢nEncreased risk of heart
disease (Knutsson and Boggild, 2000) and cancersifAav, 2003) was observed
among people exposed to circadian stresses.

Understanding that the circadian nature was thesldas some of above-
mentioned chronobiological disorders helped in thevelopment of effective
treatments for them. Such treatments generallyisbofstrengthening exposure to an
appropriate circadian synchronizer, light and noglat being the most prominent
(Arendt, 2000; Eastman and Martin, 1999; Skenel.et1899). For example, timed



melatonin ingestion successfully stabilizes sleepeb and improves sleep quality in
blind individuals (Sack et al., 2000). Becausehaf &bsence of light perception, their
circadian rhythms free-run with a period slightlgnger than 24 hours, these
individuals suffer from a mismatch between the@egplwake cycle and natural light-
dark cycle. Melatonin has also been used to alley& lag problems (Arendt, 1999).
Besides circadian rhythms, circadian clocks alsay @n important role in
several other processes (Dunlap et al., 2004). Sanmals use their biological
clocks to ensure that critical developmental evéalte place at an appropriate time of
the day. The birth of some mammals, the hatchingrds or eclosion of insect adults

from their pupae are such circadian clock gatedhisvEor example, eclosion of new

adult fruitflies from their pupal cases always wkdace near dawn (Pittendright,
1954). Another well studied clock controlled beloavs the hatching of moth larvae
from eggs, which occurs in early morning and waslisd in the silkmotiAntheraea

pernyi (Sauman et al., 1996b). Time semasel time-place learningre functions that

require continuous consultation of a circadian kles well. Time sense in bees
allows them to arrive daily at a feeding site oalythe time of food availability
(Bradbury and Vehrencamp, 1998). Time-place legrnwas documented, for
example, in rats (Aragona et al., 2002) and sevfesial (Dittman and Quinn, 1996;
Reebs, 1996) and several bird species (Biebachl.etl@91). Moreover, when
migrating birds and insectsse the sun as a cue for celestial orientatiory, tise an
endogenous circadian clock to compensate for thg cl@anges in the sun’s position

(Hoffman, 1960; Dunlap et al., 2004). This is callBme-compensated celestial

navigation Possible anatomical connections between circaclaek and light input
were studied in monarch butterflies, which migrewery year with amazing precision
from North America to Mexico and back (Sauman et 2005; Zhu et al., 2008).
Circadian clocks are also involved in synchronamatiof individuals within the
population of many species. For example rabbit mmpgipate the daily visit of the
mother by opening the nest in order to facilitdeirt access to her when she arrives to
feed them (Jilge, 1993).

Molecular mechanisms that underlie the functionciw€adian clocks have
been studied in various model organisms includirakaryotic algaSynechococcus
(reviewed Kondo & Ishiura, 2000), the filamentouadusNeurosporaMcWatters et
al., 1999), plants (Millar et al., 1995a,b), mamsn@kviewed Hastings & Maywood,
2000), insects (reviewed in Kaneko, 1998; Dunl®99 Sauman and Hashimi, 1999)



and fish (Whitmore et al., 2000). Due to the powérits genetics, the fruitfly,
Drosophila melanogasterrepresented the premier species for elucidatimg t
molecular basis of circadian rhythms.

While Synechoccocusplants and Neurospora appear to usedifferent
molecular components of the central clodRspsophila clock gene homologs have
been found in birds, mammals, fish and other irssé¢tviewed in Dunlap 1999;
Stanewsky, 2002; Hall, 2003). This fact, togethéthvdetailed research including
functional studies on mouse and zebra fi3anio) (Whitmore et al., 1998), suggested
that the molecular mechanism underlying the cimadhythmicity among mammals,
fish and insects would be conserved. This idealithér supported by the fact that
some mutations originally described in the frumere also identified in mammals.
For example, a single amino acid substitution caudtASP (Familial Advanced
Sleep Phase syndrome) in humans, was localizednwittle casein kinase | epsilon
binding domain of the human homolog of sophilaperiod gene (hPer2) (Toh et
al., 2001), a gene previously known to be essefdiathe fruitfly circadian clock
(Konopka and Benzer, 1971) including that PER phosgation bycasein kinase |
epsilon (Kloss et al., 1998; Price et al.,, 1998) is egsaerior Drosophila clock
function.

The original Drosophila clock model is based on two interlocked
transcriptional feedback loops containing the neggatlementgeriod and timeless
(reviewed in Dunlap, 1999; Stanewsky, 2002). Genatid molecular investigations
disclosed distinct diurnal oscillations in the eegsion ofper andtim genes (Hardin et
al., 1990). Further research on the mechanismaflagory oscillations revealed that
the proteins PER and TIM form a heterodimer, whsctranslocated into the nucleus.
There it interferes with the assembly of constiaitiranscription factors CLOCK and
CYCLE (also called BMAL) and thereby inhibits th&peession oftim and per
(reviewed by Sauman and Hashimi, 1999). The ratassembly of the TIM/PER
dimer, which is regulated by a kinase called douiohe (DBT), sets in the circadian
rhythm, and the degradation of TIM upon illuminatisynchronizes this system with
the environmental alternations of light and darkn@€doss et al., 1998; Price et al.,
1998). The effect of light is mediated by tbeptochromeprotein (CRY), which
contains a flavonoid photosensitive pigment (Emeinal., 1998; Stanewsky et al.,
1998). Fine-tuning and enhancing of tBeosophila circadian clock requires an

orchestrated action of additional clock geuglie (vri), shaggy(sgg, slimb, pdp and



ck2 (Blau and Young, 1999; Martinek et al., 2001; Kalk, 2002; Cyran et al., 2003;
Lin et al.,, 2002). The key parameters for theosophila clock model are (1) a

temporal delay between the accumulation of hmwthandtim transcripts and their

corresponding proteins, (2) stability of the PERI diM products and (3) temporally
controlled translocation of PER/TIM dimer to theclaus (Saez and Young, 1996;
Ruoff, 1998).

Initial molecular analysis of the circadian cloak the silkmoth,Antheraea
pernyi, revealed striking differences between the mothd druitfly timing
mechanisms (Sauman and Reppert, 1998; Sauman &996a,b). The most notable
differences are the absence of nuclear translocafithe silkmoth PER to the nuclei
of the putative pacemaker cells and missing tenipl@iay betweemer transcription
and translation, the two crucial features of Br@sophila circadian clock model. It
was suggested that pernyirepresents an exception in the evolution of theadian
clock mechanism in insects. However, detailed itigason of the regulation of the
circadian clock gene expression in two hemimetalinsects, the American
cockroachPeriplaneta americangSehadova et al., 2003, 2008), and the European
linden bug Pyrrhocoris apterus(Syrova et al., 2003), also showed the same
discrepancies with th®rosophila clock model. Moreover, several representative
species from major insect orders were screeneBE®R subcellular localization in the
adult central nervous system and the PER protesineaer detected in the nuclei of
per expressing cells (Zavodska et al., 2003). Thusjlahsects, the critical condition
for the functional “negative feedback oscillatorodel — the nuclear translocation of
PER — appears to be true onlyDmosophila The question thus arises whether the
“negative feedback oscillator” model Drosophilais an exception rather than the
generally accepted rule.

We focused on the houseflyjusca domestican order to uncover a possible
evolutionary flexibility in the way how the basiegative feedback loop underlying
circadian rhythmicity can be constructed amongetipselated species. The housefly
is a species phylogenetically closely relate®tosophilg as they both belong to the
higher dipterans, the Cyclorrhapha grolusca’shomologues oDrosophila clock
genes were cloned and detailed analysis of th@ression at the mRNA and protein
levels is presented in the first of the two papsreered in this thesis. Although our

results indicate that the molecular mechanism uyiderthe circadian clock in these



two dipteran species is different, it turned ouattihese differencies are not as

fundamental as originally appeared (Codd et aD,720

Photoperiodism and diapause:

Photoperiodism has evolved as a match to seastmaitic changes resulting
from the earth orbiting the Sun. Seasonal influeneee particularly marked at
extreme latitudes, where variations in externalditbons are most pronounced. Plants
and animals in these locations have adjusted lifestrategies to seasonal variations
in factors such as ambient temperature and fooglgughe most widely used
environmental cue for timing of life cycles is pbperiod (i.e. ratio of day length and
night length), because it correlates perfectly i time of year (reviewed in Dunlap
et al., 2004).

By analogy to better known circadian systems, pbatodic systems
presumably involve photoreceptors, some kind oftgberiod measuring device and
an output signal. In plants, the site of photophdgoerception was located in the
leaves (Thomas and Vince-Prue, 1997). Organizetbptaeptors, such as compound
eyes, are used in photoperiodism in relatively gia insects. In contrast,
extraretinal photoreception was found in more adedngroups, such as moths and
flies (reviewed in Vaz Nunes and Saunders, 199%n&ers, 2002). However, a
central problem in photoperiodism of insects is tiure of photoperiod time
measurement, as discussed later. Involvement chdiain clocks was suggested in
many species, including the parasitic wdsasonia vitripennis(Saunders, 1969;
Saunders et al., 1970), the flesh fly (Saunderg3),3he spider mite (Hoy, 1975) and
various other species of flies, butterflies and tlese (reviewed in Nunes and
Saunders, 1999). On the other hand, findings nggesting such involvement have
been recorded for several moths and the green \agtbid (Takeda and Skopik,
1997%.

Birds and other non-mammalian vertebrates use shveextraretinal
photoreceptors located in the pineal gland as wethe brain (Philip et al., 2000;
Dawson et al., 2001). Because photoperiodic timasmement in vertebrates is
accomplished by a circadian clock, these two systesimare several structural

components (reviewed in Dunlap et al., 2004). B@gle, in mammals, the pineal

10



melatonin rhythms serve as an endocrine comporigheghotoperiodic mechanism,
in addition to its function as a circadian outpigingal. The duration of each nightly
episode of melatonin secretion codes for day lemgthll photoperiodic mammals
(Elliot, 1976; Underwood and Goldman, 1987; Bartnemd Goldman, 1989;
Woodfill et al., 1994; Barrel et al., 2000; Goldm&a2001). In birds and lizards,
however, pineal melatonin is not an essential carmapb of their photoperiodic
mechanism (Underwood and Goldman, 1987; Juss,et¥3; Dawson et al., 2001;
Underwood and Hyde, 1990).

The most obvious manifestation of photoperiodisnplamts include seasonal
rhythms in flowering and reproduction, inductioncoid hardiness and bud dormancy
(Garner and Allard, 1920; Lumsden and Millar, 1998hotoperiodism is also more
widely documented in some cold-blooded vertebrgtésderwood and Goldman,
1987; Underwood and Hyde, 1990). In birds it hasnbelemonstrated that
photoperiod length influences timing of such digefgnctions as reproduction, molt
and migration (Rowan, 1926; Baker, 1938; Gwinneat &¥iltschko, 1980; Berthold
and Querner, 1981; Dawson and Goldsmith, 1983; G&in1996). Many mammals
show photoperiodic responses in reproduction, sedsattening, hibernation and
other functions (Pengelley et al., 1976; Demas &mdson, 1998; Lincoln and
Richardson, 1998; Ruby et al., 1998; Goldman, 1838rel et al., 2000; Yellon and
Tran, 2002). For example, some high-latitude hiatng mammals have the
reproductive and molting season restricted to arfemths in summer because they
hibernate for as long as 7 to 8 months each yehe fresence or absence of
photoperiodism in humans has not been established.

The most studied photoperiodic response in insastsdiapause, an
endogenously mediated form of dormancy. Diapausgeso the developmental
program away from direct morphogenesis into anrradiieze programme: energy
reserves are stockpiled, metabolic rate drops awveldpment is halted (reviewed in
Denlinger, 2000; Kostal, 2006). Although diapausebest known as an over-
wintering strategy for insects in the temperateespisummer diapause, which occurs
during the dry and hot season, is not uncommoneditarranean and tropical zones
(Masaki, 1980).

The stage of developmental arrest in which diapg@useeeds may take very
different forms, but for any single species the azay for diapause is usually

restricted to a single specific developmental s{age@ewed in Kostal, 2006). On one
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side, there are various immobile stages such gmdsing eggs (e.g. the silkworm,
Bombyx mori;Chino, 1958), cocooned mature larvae (e.g. th@faan corn borer,
Ostrinia nubialis; Chippendale and Yin, 1979) and pupae (e.g. thshfléy
Sarcophaga;Denlinger, 1972), which do not accept any food alsblay deep
metabolic supression. On the other side, diapausasgliving larvae and adults (e.g.
the Colorado potato beetlegptinotarsa decemlineat&)e Kort, 1981) can move and
their metabolic supression is usually less deep.

In a few species, diapause is obligatohy such cases, the initiation of
diapause needs no external cues because it refgeseiixed component of the
ontogenetic programme and is expressed regardiebe @nvironmental conditions
(reviewed in Denlinger, 2000). It is most prevalamntspecies that complete only a
single generation in a year (e.g. the gypsy miogimantria dispar;Bell, 1989).

Most diapauses, however, are facultaijireviewed in Denlinger, 2000). This
implies that the decision to enter diapause isrdeted by specific environmental
cues. Such a decision is not an immediate responsevironmental adversity but is
rather programmed by environmental cues (most gitestoperiod) received at an
earlier stage of development. Facultative diapaisemmonly found in species with
several generations per year.

Insects that have a facultative diapause and hvéne temperate zone rely
almost exclusively on photoperiod (daylength) foogramming of the diapause
(reviewed in Denlinger, 2000; Kostal, 2006). Usitg analogy of the man-made
calendar, photoperiod length serves as an “inseelasndar” when signaling for the
coming deterioration of environmental conditionkeTshort days of late summer and
early autumn are the most common cue used to progkeerwintering diapause. In
the case of insects with summer diapause, long dayge as a signal to induce
diapause.

When a population sample of individuals is exposed critical photoperiod
at their sensitive stage, half of them will enteapduse and the other half will
continue in direct development (reviewed in Dending2000; Kostal, 2006).
Moreover, diapause is expressed only when an atleequenber of inductive days
have accumulated. The stage sensitive to the paotaiic signal, thg@hotosensitive
stage usually occurs well in advance of the onset apduse. Such a photoperiodic
response can usually be modified by other factaostly by temperature (Hoy, 1975;
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Saunders, 1971), food content (Denlinger, 1986) s;dof the insect (reviewed in
Denlinger, 2000).

Diapause is terminated not in response to “faverabénvironmental
conditions, but only after the process of diapateeelopment has been completed
(reviewed in Denlinger, 2000; Kostal, 2006). Théeraf diapause development is
often influenced by photoperiod and temperaturailf€a et al., 1986). Once diapause
is terminated, the insect is able to resume itselbgwnent as soon as the
environmental conditions become permissive.

Currently, good information exists on the enviromtaé¢ regulation of
diapause; also some of its hormonal regulators vedmeady identified. Juvenile
hormones, ecdysteroids and their regulatory neyntaoges (allatotropins, allatostatins
and PTTH) are involved in diapause regulation (&t Chippendale, 1973; Yagi and
Fukaya, 1974; Brown and Chippendale, 1978; De latddl., 1979; Bean and Beck,
1980; Bradfield and Denlinger, 1980; Briers et 4982; Denlinger et al., 1984;
Denlinger, 1985; Lee et al., 1997). A unique neemje that regulates early
embryonic diapause was found in the silkm&bmbyx mori(Yamashita, 1996).
However, much less is known about the molecularhaeisms involved in diapause
programming: a mechanism for distinguishing shodysd from long days, a
mechanism that counts the number of inductive day$ a mechanism how this
information is stored until the insect reaches therect developmental stage for
expression of diapause (reviewed in Denlinger, 2000

The involvement of clock genes in the programmihdiapause response has
been suggested. One of the best-known clock geeemd does not appear to be
involved, at least in the reproductive diapaus®fsophila melanogastgiSaunders
et al., 1989; Saunders, 1990; Saunders et al.,)1@8%pite that negative finding,
investigation into the potential involvement ofcaidian clock genes in photoperiodic
response resumed during the last decade. It has dte®vn that phases, amplitudes
and/or levels of various clock gene expression \aéfexted by photoperiod in several
insect species (Goto and Denlinger, 2002a,b; Gotd.e2006; Syrova et al., 2003;
Mathias et al., 2005; Iwai et al., 2006). Recents inD. melanogaste(Sandrelli
et al.,, 2007; Tauber et al., 2007) and pitcher{plaosquito, Wyeomyia smithii
(Mathias et al., 2007), indicated that, althougtcamlian clocks and photoperiodic

calendar appear as genetically distinct mechanmos#sses, the clock getimeless
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(tim) may affect the incidence of diapause directlgependently of its function in
the central circadian oscillator.

In the second paper (manusciriptpres$ presented here, we have contributed
to this effort by studying the role of thenelessgene in the photoperiodism of a
drosophilid fly, Chymomyza costatal'his study started back in the 1980’s, when
Riihimaa and Kimura (1988) selected a mutant stodithis fly that did not respond
to a photoperiodic signal (NPD strain). Genetikdige analysis confirmed that the
larval non-photoperiodism and adult eclosion cir@adarrhythmicity in the NPD
strain were caused by a mutation in a single amas@ene locus calledpd (non
photoperiodic diapausejRiihimaa and Kimura, 1989; Riihimaa, 1996). Ttim
MRNA transcripts were not detectable by Northewt hhalysis in the fly heads of
npd-mutants, while they were detectable and showertdyplaily oscillations in the
wild-type strain (Pavelka et al., 2003). All thgsevious data strongly suggest that
the product oftim gene represents a molecular link between circadiad
photoperiodic clock systems in this fly.

However, diapause and photoperiodic sensitivityegressed only in larval
stages ofChymomyza costatddence, the main objective of this paper was mal fi
whether there are any differences between the tydd-andnpd-mutant larvae in the
levels and circadian patterns tifn gene expression. The paper also presents the
analysis of the genomic structure of tita gene in both wild-type and NPD strains
(Stehlik et al., 2008 in pres3.
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ABSTRACT

The circadian mechanism appears remarkably conserved between Drosophila and mammals, with basic
underlying negative and positive feedback loops, cycling gene products, and temporally regulated nuclear
transport involving a few key proteins. One of these negative regulators is PERIOD, which in Drosophila
shows very similar temporal and spatial regulation to TIMELESS. Surprisingly, we observe that in the
housefly, Musca domestica, PER does not cycle in Western blots of head extracts, in contrast to the TIM
protein. Furthermore, immunocytochemical (ICC) localization using enzymatic staining procedures reveals
that PER is not localized to the nucleus of any neurons within the brain at any circadian time, as recently
observed for several nondipteran insects. However, with confocal analysis, immunofluorescence reveals a very
different picture and provides an initial comparison of PER/TIM-containing cells in Musca and Drosophila,
which shows some significant differences, but many similarities. Thus, even in closely related Diptera, there is
considerable evolutionary flexibility in the number and spatial organization of clock cells and, indeed, in the
expression patterns of clock products in these cells, although the underlying framework is similar.

Abstrakt:

Mechanismus cirkadiannich hodin se zda byt ¢ahakonzervovany u druhu
Drosophila melanogastea u savé. Sestava z negativnich a pozitivnichétpgch
vazeb, cyklovani produktrady gefi a z regulovaného transportu do jadekatika
proteini. Jednim zd&hto negativnich regulatipje gen PERIOD, jehoZ exprese je u
druhu Drosophila melanogastetasov¥ i mistre regulovana, podokinjako exprese
genu TIMELESS. U blizcetfbuzného druhu dvotiiidlého hmyzu, Mouchy domaci (
Musca domestica)vysledky \Western bldt analyzy extraki hlav pekvapiw
ukazaly, Ze hladiny proteinu PER, na rozdil od girat TIM, necykluji. Ani pomoci
immuno-cytochemické metody nebyl protein PE&hdm dne lokalizovan v jde
Zzadnéhu z neurdnv mozku. Stejna situace byléegol nedavnem pozorovana i v jinych
hmyzichitddech. Az progednictvim immunofluorescence a konfokalni analysyg

ziskali vysledky, které nam umoznili porovnaniibk obsahujicich proteiny PER a
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TIM obou drulis Musca domestica Drosophila melanogasteil.oto srovnani ukazalo
fadu podobnosti mezi ®lma druhy. Z toho je patrné, Ze dokonce i u blizce
piibuznych drub dvoukiidlého hmyzu je patrna flexibilita nejen vdpo a umisini
jednotlivych bugk cirkadiannich hodin, ale také v expresi@yeirkadiannich hodin v
téchto buikach.

- ¢lanek otisén v ¢asopisu Genetics 177, stranky: 1539-5107.

- maj podil na publikaci je 25%
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Abstract

Photoperiodic signal stimulates induction of ldrdaapause inChymomyza
costata Larvae of NPD strainnpd-mutants) do not respond to photoperiod. Our
previous results indicated that the locyxl could code for théimelessgene and its
product might represent a molecular link betweenaciian and photoperiodic clock
systems. Here we present resultstiof mRNA (real time-PCR) and TIM protein
(immunohistochemistry) analyses in the larval hbrditM protein was localized in
two neurons of each brain hemisphere of the 4-d38léhstar wild-type larvae. In a
marked contrast, no TIM neurons were detected énbifain of 4-day-old '3 instar
npd-mutant larvae and the level tn transcripts was approximately 10-fold lower in
the NPD than in wild-type strain. Daily changedim expression and TIM presence
appeared to be under photoperiodic control in thie-type larvae. Clear daily
oscillations oftim transcription were observed during the developnoérg® instars
under the short-day conditions. Daily oscillatiomsre less apparent under the long-
day conditions, where a gradual increasdirof transcript abundance appeared as a

prevailing trend. Analysis of the genomic structafetim gene revealed thatpd
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mutants carry a 1855 bp-long deletion in the 5'-U€RBion. This deletion removed
the start of transcription and promoter regulatorgtifs E-box and TER-box. We
hypothesize that this mutation was responsible deeimatic reduction oftim

transcription rates, disruption of circadian clod¢knction and disruption of

photoperiodic calendar function imppd-mutant larvae o€. costata

Abstrakt:

Fotoperiodicky signal indukuje diapausu u larevhdriChymomyza costatd arvy
mutantniho NPD kmene na fotoperiodicky signal ngugaNase pedchozi vysledky
ukazali, Ze lokuspd pravépodobré kdéduje gentimelessa jeho produkt takiejme
piedstavuje molekularni spojeni mezi cirkadiannimtagderiodickym systémem. Zde
prezentujeme vysledky analyzy exprese mRNA génu (kvantitativni PCR) a
proteinu TIM (immuno-cytochemickd analyza) v mokcidarev. V gipad
nemutantniho kmene byl protein TIM detekovan veudweuronech v kazdé mozkové
hemisfée larev tetiho instaru. V fipacc mutantniho NPD kmene nebyl Zadny
protein TIM v mozcich stefhstarych larev detekovan a také hladina mRNA genu
byla piblizné¢ 10x nizsi nez v mozcich larev nemutantniho kméhe&zalo se, Ze
denni znény v expresi gentimelessa v @itomnosti proteinu TIM v mozcich larev
nemutantnino kmene jsou pod fotoperiodickou kootrolV podminkach kratkého
dne byli u larevittiho instaru pozorovany denni oscilace transkrigeeutim. Tyto
oscilace byly ménpatrné v podminkach dlouhého dne, kdgvtadl postupny nast
hladiny transkriptu gentim. Analyza sekvence genu timeless ukazala, Ze mmitant
npd alela nese ve svém promotoru deleci dlouhou 1855 Ipazi. Tato delece tak
odstranila start transkripce a reguiasekvencde-boxa TER-box Tato delece je tak
pravdépodobré pricinou dramatického poklesu hladiny transkripce gémelessa
narusni funkce cirkadianniho systému a fotoperl@&ho kalendée u larev

mutantniho NPD kmene drulthymomyza costata.

- ¢lanek byl v listopadu 20071iat k otiS€ni do ¢asopisuJournal of Biological
Rhythmspredpokladany termin oti&ti: kvéten 2008

- maj podil na publikaci je 75%
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Chapter 3:

SUMMARY
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In this work we present experimental data and discsss circadian
rhythm regulation in the housefly, Musca domestica. We also studied
possible involvement of one of the circadian clockgenes in
photoperiodic induction of diapause in a drosophilil fly, Chymomyza

costata.

Circadian rhythm gene regulation in the houseflyMusca

domestica

Summary of results:

In order to examine whether Musca domestica species shares the same
circadian clock mechanism as the one described inethil for Drosophila
melanogaster, we analysed theMusca circadian clock and its rhythmicity using
several approaches. We have cloned several of théusca homologues of the
Drosophila melanogaster clock genes geriod, timeless, vrille, clock, cycle and
cryptochrome) and analysed their temporal and spatial expressioin Musca
heads.Musca individuals were reared under three different light regimes: LD =
12hours light/12hours dark, DD = continuous darknes and LL = continuous

light. We obtained the following results:

- Musca rhythmic behavior:
- Musca domesticandividuals showed a clear circadian rhythm of ithei
locomotor activity and adult eclosion appears toabeircadian clock gated

event

- we analysed mRNA levels of six cloneMusca clock genes in heads dflusca
individuals reared under the three different light regimes (LD, DD and LL):
- Mdper, Mdtim, Mdvriand Mdclock mRNA levels clearly showed circadian
patterns in LD conditions, their rhythms persisegen in the absence of
external cues in DD conditions and were lost indoinditions

- MdcycandMdcry mRNA levels turned out to be expressed at con&tants
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- we analysed the temporal expression of MAPER anddTIM proteins in Musca
heads (Western blot):
- MdTIM protein abundance showed a clear circadiatiern and this protein
was immediately degraded in response to light
- MdPER protein abundance showed surprisingly ridegxce for any cycling

nor evidence for light-induced degradation on Weste

- immunohistochemical (IHC) analysis of spatial digibution of MAPER protein
in the Musca cephalic nervous system:
- PER-like immunoreactivity was detected in theopy@ism of several lateral

neurons of the protocerebrum

- immunofluorescent analysis of spatial co-expressi of MAPER and MdTIM
proteins in the whole-mountMusca brains:
- nuclear co-expression of both proteins was detkict several neuronal groups
at Zt24: (1) small ventral lateral neurons, (2) PDWI lateral neurons, (3)
dorsal lateral neurons, (4) dorsal neurons angt{bjoreceptors
- cytoplasmatic expression of MdPER protein and learc expression of
MdTIM protein was detected in one group of largatva lateral neurons at
2124
- we could not detect any MdTIM and MdPER proteisimes earlier than
Zt24 in the above-mentioned neurons, so we suglasthere is a cycle in the
abundance of these two proteins
- strong arrhythmic expression of MAPER protein @etected in the cytoplasm
of two additional neuronal groups: (1) medial newsr@and (2) medio-lateral

neurons

Conclusions:

We have cloned sever®uscaclock gene homologues. Most of themdper,
Mdtim, Mdvri, Mdclock and Mdcy@ppeared to have daily patterns of their mRNA
abundances infMusca heads very similar to those found Drosophila The
endogenous character of cycling found in caskldper, Mdtim, Mdvriand Mdclock

suggests that these genes are not only structorablogues ofDrosophila clock
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genes, but also their functional homologues. Otighénterest was that, in contrast to
Drosophila, MdcrymRNA levels showed a lack of any cyclinghtuscaheads.

No evidence for any cycling nor light-induced detgtion of MAPER protein
in Muscaheads are in striking contrast with the situatitascribed inDrosophila
Cycling of both PER and TIM protein abundancesDirosophila heads and their
degradation in response to light are the key paennid¢or theDrosophila“negative
feedback oscillator” model. Also, the fact that NEFP protein was detected
exclusively in the cytoplasm of several lateral noms by IHC suggest that the
mechanism of circadian rhythm regulatiorMuisca domesticdiffers from the model
described foDrosophila Translocation of PER protein into the nucleupaemaker
cells is necessary for tierosophila“negative feedback oscillator” model.

However, immunofluorescence analysis of spatialresgion of MAPER and
MdTIM proteins in whole-mounMuscabrains identified several groups of neurons
that exhibit co-expression of both proteins. We sidered these neurons to be
putative clock cells iMusca domesticdn all of them, with the exception of the large
lateral neurons, co-expression of MAPER and MdTIkbtgins exhibit a key
parameter oDrosophilamodel: translocation to the nucleus. The largerétneurons
are the only group of putative clock cells to shoyoplasmatic MAPER and nuclear
MdTIM protein expression. This suggests that thesironal cluster might have a
special function, as suggested also previoushbimsophila All identified putative
clock cells in theMuscabrain largely correspond to those describedinsophila
We also suggest that there is a cycle in the amoedaf MAPER and MdTIM
proteins inMuscapacemaker cells.

The strong arrhythmic expression of MAPER protestedted in the cytoplasm
of medial and medio-lateral neurons suggests thdPBR protein in these neurons
may play a different role from that found in thdadive clock cells.

Our findings suggest that, although differences inthe mechanisms of
circadian rhythm regulation between Musca domestica and Drosophila
melanogaster are not as fundamental as was expected, they stiprovide

interesting insight into the evolution of biologic&clocks.
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Prospects of future research:

- it would be very helpful to use various geneticahodified Musca for
example flies withMd-period or Md-timelessgenes expression knocked-out, for
functional studies or use them as negative contrfols Western blots or

immunoreactive assays to verify the specifity @& tised antibodies

- to analyze the levels d¥idcry transcripts in brain tissue only (instead of

whole heads) and localize these transciiptstu

- to clone the full length CDS of other homologues Drosophila
melanogasterclock genesd.g. Pdpl, shaggy, double-time, casein kinaseldgkc
work orange, slimpand analyse their temporal and spatial expressiadhe Musca

brain
- it would be interesting to see whettauble-timekinase, which enmarks

PER protein for degradation iDrosophilg is also located in neurons with strong

arrhythmic cytoplasmatic expression of MAPER
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Involvement of timeless gene in photoperiodic induction of

diapause inChymomyza costata.

Summary of results:

In order to examine whether thetimeless gene is involved in photoperiodic
induction of diapause inC. costata, we took up on the advantage ofpd-mutant
strain (see page 9 for its characteristic). We fased on analysis ofimeless gene
expression in the brains of both wild-type andhpd-mutant strains larvae. Larvae
were simultaneously reared at two different photopeodic regimes: SD (short
days) and LD (long days). In order to explain diffeent expression levels, we
compared genomic DNA sequences of thiemeless gene in these strains. We

obtained the following results:

- we examined expression of thémeless gene in the brains of 4 day old 8 instar
larvae reared under SD or LD conditions:

- in the_wild-typebrains we detected (1) relatively high levelgiof mMRNA, (2)
presence of TIM protein in two neurons in each tspimere and found that (3)
daily patterns of bothim mRNA and TIM protein levels differ between SD
and LD photoperiodic regimes

- in thenpdmutantbrains we detected (1) approximately 10-times loleeels
of tim mRNA, (2) no TIM protein and (3) no daily changastim mRNA

levels

- we analysed levels ofim mRNA in the brains of 2 to 8 day old &' instar wild-
type larvae reared under SD or LD conditions:
- in the SD regimeclear daily oscillations ofim mRNA abundance were
detected
- in the LD regimegycling oftim mRNA abundance was less apparent and its

gradual increase appeared as a prevailing trend
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- we analysed levels aim mRNA in the brains of wild-type larvae upon transer
of 4 day old 3% instar larvae from one photoperiodic regime to anther:

- upon _SD->DD (continuous darkness) transfer, SD-characteristaily
oscillations oftim mRNA levels were only slightly expressed and 10§f%he
larvae followed their pre-transfer SD-programmedeti@pmental destiny (=
diapause)

- upon_LD->DDtransfer, LD-characteristic steady increasg@mfmRNA levels
were observed and 92% of larvae followed theirtprasfer LD-programmed
developmental destiny (= pupariation)

- LD->SD transfer resulted in rapid adjustmenttioh mMRNA abundance from
an LD-characteristic pattern to an SD-characteripaittern; also 93.3% of
larvae changed their pre-transfer LD-programmecbgmental destiny and

entered diapause

- comparison of genomic DNA of theimeless gene between both wild-type and
npd-mutant strains revealed:
- presence of 14 exons and 13 introns in bothrstrai
- positions of all introns were conserved in bdtaias
- CDSs (coding sequences) had equal length of AQ€lkotides in both strains
- 57 nucleotide substitutions within their CDSsutéag in 37 amino acid
substitutions impd-mutant TIM protein
- 1855 bp long deletion was detected in the promofothe npd-mutanttim
gene. This deletion removed the start of trandomptand all putative
regulatory motifs (E-box and TER-box) found in thidd-type strain

Conclusion:

Wild-type larvae ofChymomyza costatnter diapause when reared under SD
conditions, but not under LD conditions. We obsdrvelatively high levels ofim
MRNA, presence of the TIM protein in two neuronseach hemisphere and found
that daily patterns of bottim mRNA and TIM protein levels differ between SD and
LD photoperiodic regimes in the brains of wild-tyfsvae. An SD-characteristic
pattern of tim mMRNA levels showed clear circadian oscillationthaligh its

endogenous component appeared to be weak. Thesesuggest that thimeless
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gene analysed may be a functional part of the éac@adian clock and its expression
is under photoperiodic control in the wild-typeasitr.

On the contrarynpd-mutant larvae did not respond to a photoperiogjoad
as they did not enter diapause when reared undezo®Bitions. Approximately 10-
times lower levels ofim mRNA and no TIM protein were observed in the lsah
npd-mutant larvae, suggesting that propierelessexpression may be necessary for
larval photoperiodic sensitivity. This hypothesssfurther supported by the fact that
transfer from LD to SD conditions resulted in ramdjustment oftim mRNA
abundance from an LD-pattern to an SD-pattern &madst 100% of larvae changed
their LD-programmed developmental destiny and exdit¢éne diapause.

A large deletion, 1855bp long, found in the promaikthetimelessgene in
the npdmutant strain, removed the start of transcripto cis-acting transcription
regulatory motifs (e.g. E-box, TER-box) found iretlild type strain. E-box and
TER-box are necessary for robust and cyclic trapson of thetimelessgene in
Drosophila melanogastelWe thus assume that the 1855bp deletion founthen
promoter of thdimelessgene in thenpdmutant strain represents a possible cause of
the dramatically lowered levels timh mRNA in this strain.

Our results indicate that the timeless gene may participate in seasonal
time measurement in Chymomyza costata larvae. However, further detailed
experimentation is needed in order to verify the rte of the timeless gene inC.
costata photoperiodism and elucidate how the 1855bp delem affects the

circadian and photoperiodic timing systems.

Prospects of future research:

New valuable insights into the topic of our intéyeghether théimelessgene
is involved in photoperiodic induction of diapauseC. costata,may possibly be
obtained in further functional studies. Severafedént approaches may be used for

such future research

- DNA recombinant vectors carrying CDS of some diiele signal protein
(e.g. GFP or Luciferase) under the control of thielstype ornpd-mutanttim
promoter can be used for transfection @fosophila S2 cell cultures to

elucidate the effect of the 1855bp deletion ondcaption; a similar kind of
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vector may also be used for transformation Dof melanogasterflies to

examine the effect of the 1855bp deletion on ciaradhythmic transcription

- DNA recombinant vectors carrying the wild-typenelessCDS under the
control of wild-typetim promoter can be used for transformationngfd-
mutantC. costataflies in order to see if such a vector will “res€uhe mutant
phenotype (resulting in wild-type like phenotypehotoperiodic sensitivity)

in the transformed mutant flies

- DNA recombinant vectors carrying antisense RNAvddl-type timelessCDS
under the control of a relevant promoter (@ctin, timelesscan be used for
transformation of wild-typeC. costataflies in order to “knock-down” the
timelessgene by RNA silencing mechanism to see if the gbetodic

sensitivity will be affected in transformants

Due to the fact that diapause is a regulated dpwedotal arrest, which
involves an arrest of cell proliferation and di#fatiation, C. costatamay also
represent a good model organism, in which relaligoss between the processes of
circadian time control, cell proliferation and seaa@l life-cycle patterning may be
tested.
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Chapter 4:

CONFERENCE PRESENTATIONS

44



ABSTRACT 1

TIMELESS: A link between circadian and photoperiodic
clocks in the fly, Chymomyza costata? - The story goes on

Stehlik J., Zavodska R., Shimada K., Sauman |.,Kostal V.

A central question in our study is whether thectrcal homologue of the clock gene
timelessmay serve as a functional part of photoperiodietimeasuring system in the
fly, Chymomyza costatéDiptera: Drosophilidae). A mutant strain 6f costatais
available, in which both circadian rhythmicity ofidt eclosion behaviour and
photoperiodic induction of larval diapause weret lafter mutation of a single
autosomal gene locugpd. Our previous research revealed that could code for
TIM protein. Here, we report about the cloning 6fuitranslated region dimeless
gene inC. costata which revealed thabhpdmutants carry a large deletion in the
promoter sequence. QuantitationtwhelessmRNA transcripts (real-time gPCR) in
larval CNS confirmed the difference between the tawains. Clear diurnal
rhythmicity was found in the wild-type CNS and tharnal patterns differed between
short-day (max at Zt1l6) and long-day (max at Zthotoperiodic regimes.
Endogenous rhythmicity (under constant darknessy detectable but relatively
weak. Two neurons producing TIM protein were laoadi in each brain hemisphere
of the wild-type larvae using specific anti-TIM dudy and the level of TIM
immunoreaction showed a clear diurnal pattern.dntrary, very low transcriptional
rates oftimelesswere observed in thepdmutant's CNS and no diurnal pattern was
found. Similarly, no TIM protein could be deteciechpdmutant’s CNS. Our results
indicate thaC. costatés timelessgene might be not only the structural homologue of
the Drosophilds timelessgene, but also the functional element ©f costatés
circadian clock. In addition, mutation in the praororegion oftimelessgene could
cause the loss of both adult circadian rhythmiaitg larval photoperiodism and thus,
TIM protein might represent a molecular link betwesrcadian and photoperiodic
clock systems in this fly.

The Fifth International Symposium on Molecular Insect Science
May 20 - 24, 2006, Tucson, Arizona USA
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TIMELESS: A link between fly’s circadian and photoperiodic clocks?

- the story goes on

INTRODUCTION

Circadian clocks allow organisms to anticipate daily changes in environmental factors and appropriatelly tune their physiological state.
Significant progress in understanding the molecular details of circadian clocks has been achieved in Drosophila melanogaster. The photoperiodic
clocks perceive seasonal change of day/night lengths. which signals for seasonally cycling deterioration of conditions for life. Physiological
mechanisms of photoperiodic clocks remain unknown. A central question is whether the known molecular elements of circadian clocks may serve
as functional parts of photoperiodic clocks. Llere we present a continuation of our study on this topic using the drosophilid fly. Chymomyza costata

as a model.

A mutant strain of C. costata is available. in which both circadian rhythmicity of adult behaviour and photoperiodic induction of larval diapause
were lost after mutation of a single autosomal gene locus mpd (Fig. 1A, B). Our previous research has been focused on adult flies (Pavelka et al..
Entomol. 100, 255-265, 2003) and revealed that npd locus could code for TIMELESS protein. Recently. we have extended our attention to the larvae, a

stage which is sensitive to photoperiodic signal.

1. The npd-mutants show a significant change in the promoter region of
timeless gene. The structures of coding sequences are similar in the wild-
type and npd-mutant strains.

Almost complete genomio structures of the fimeless gene were clucidated in both fly strains. Several
nucleatide substitutions that change the amino acid sequence of the protein were found within the fimeless
coding sequence of npd-mutants (Fig. 2). The most apparent difference between the two strains, however, was
found in the 5'leader region of ¢DNA and in the promoter sequence. The mpd-mutants carry a completely
different promoter sequence lacking the TER-box and E-box motifs. which are critically needed for correot
transcription of fim in D. melanogaster.

e Fig. 2: Genomic structmes of rineless gene significantly differ

between the wild-type stiain and rpd-mutants. The coding

sequences e almost identical i the two strains;, the
differences in amino acid ranslations are highlighted. Eleven
introns were found. The fist intron, which is positioned within
the S-leader sequence, is very lonz md stll not completely
identified (the length was fed by PCR). Stuctue
of the promoter sequence is mnple«el\ changed in the rpd-
snutants (see lower part of the Figure)

2. Transcription of timeless gene is suppressed in the larval CNS of npd-
mutants.

2.1. The diurnal cycling-patterns of tim mRNA abundance differ between the long-day
and short-day reared wild-type larvae.

On day 16 of larval age (day 4 of the 3 instar), which is the stage with maximum sensitivity to
photoperiodic signal, the diumal pattem of relative abundance of fim mRNA transeripts in the CNS were
measured using quantitative real time PCR (qRT-PCR) technique. Generally. the abundances were very low.
and without any diumal pattern, in the rpd-mutants. In the wild-type flics. the abundances were relatively high
and the diumal pattems differed between the larvac rearcd at long-day conditions (LD, 16L:8D) (larvae
destined to pupariation) and those reared at short-day conditions (SD, 121.:12D) (larvae destined to enter
diapausc) (Fig. 3

The diurnally cycling pattern of i mRNA abundance was apparent throughout the 3+ instar in the SD-
reared wild-type larvac (Fig. 4, blue lin). The cycling-pattern was not clearly observable in the ID-rearcd
larvae, probably because it was "masked” by the overall inereasing trend of the rim mRNA abundance during
the 3" instar (Fig. 4. red linc),

150 Fig. 3: Dinmal clanges in the relative abundance of 1
MRNA transripts in the CNS dissected from larvae of C.
costaia when they were 16-d-ald. Larvae were reared at
cither long-day (LD) or short-day (SD) conditions. Ten
CNS were dissected into RNAlater (Quingen). Three
independent replications of each sample were made. Total

A was isolated using RNA Blue (TopBic, Czech Rep.)
and was used for cDNA synthesis (RT system, Promega).
eDNA s wsed @ a templae for GRIPCR seactons
(Rolor Gene RG3000, Corbell. Res which were
primed using fin gene-specific primers designed o span
exonintion boundaries. The abundance of a reference
transcxipt. sibosomal protein 49 (rp49) was cstimated in
parallel in each sample. The points show me:
3) selative abundances of i mRNA transeripts at different
Zeitgeber fimes

. (i =

Relative tim mRNA level (%)

8 12 16
Zeitgeber Time (hours)

CONCLUSIONS

¢ The promoter of fimeless gene shows significant structural change in the mpd-mutants of Chymonyza
costata. Because no TER-box and E-box sequences were found upstream of the start of 5™-leader sequence of
eDNA. transcription of the gene could be severely impaired in the npd-mutants.

«  Very low levels of fim mRNA transeripts and no expression of TIM protein were seen in the larval CNS
dissected from npc-mutants. In contrast, fim mRNA reached relatively high abundance and two TIN-cxpressing
neurons were found in cach brain hemisphere in the wild-type larval CNS.

e Inthe wild-type larvae. differing patterns of fim mRNA abundance development during the 3% instar
characterized the larvae reared at long-days and short-days. Clear diurnal oscillations of i mRNA abund:

were found in the short-day larvae (destined to diapause). A weak endogenous component seems to support
such diurnal cycling.

. Upon transfer of 3% instar larvae from long- 1o short-days, the im mRNA abundance patiem rapidly
(within 1 day) entrained to new photoperiodic conditions. This was accompanied with gradually ceasing cell
proliferation in the larval brains and entrance of the larvae into diapause state.

* Collectivelly, supporting data were obtained, which suggest that the 'l'IMEI_Ess protein could be
functionally involved in both circadian and clocks of the C.

Fig. 1: Locomotion activity measured in
individual adult male flies of the wild-type
(&) and pcmtant (B) strains. Males of both
stuains displayed clear dingnal shythms in
Iocomotion \mdm = phnmpeuodlc regime
(short-day 1), Endogenons
thythunicity \u\d?x cm\m\\l s dakness was
seen only in the wild-type flies (though the
shythn was danpening relatively rapidly)
B it as B s ity
sponses . lar wild-type

) wild-type males (mean of 19 individuals)
30

Number of crosses per hour

entering larval diapause, n
sespons is abserved in the npd-mutants

Time [hours]

b) npd-mutant males (mean of 21 individuals)
0

Praognase pourst

J. Bur.
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96
Time [hours]

=saiD P"":’n'&'
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—e— ENTRAINMENT

14 15 16 17 18

Relative tim mRNA level (%)
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Tig. 4: Dinmal changes in the relative abundance of i mRNA transcripts in the CNS dissected from larvae of €. cosiia during the 3+ instar
development. Larvae were reared at either long-day (LD) or short-day (SD) or they were transferred fiom LD to SD when 15-d-old (see legend
A e ek o, S fobuolo i i il synthetic phaso (§ phase) of the cell eycle.
The nuclei were prepared fiom larval ¢ 1 ONS per sample. 2-3 replications (Cyele Test Plus DNA Reagent Kit, Beclon Dickinson) and
o S Tl e (ko i) (e 1) 000 b e sgengl o izl

2.2. Two neurons in each brain hemisphere express TIM protein in the wild-type larvae.
No TIM-expressing neurons were found in the npd-mutants.

Using the €', costata specific rabbit anti-TIM antiserum, two neurons were stained in ach brain hemisphere
in the CNS of wild-type larvac (Fig. SA, B). No immunoreaction was observed in the ventral ganglion. The CNSs
were dissected from 16-d-old larvae reared at cither LD or SD conditions. Similarly positioned neurons were
consistently found in the LD- and SD-brains dissected at four different Z{ times (Zt 2. 8, 14, 20). The same
antiserum (equally applicd in a parallel experiment). failed to deteot any TIM-positive neurons in the CNSs
dissected from npd—mulnﬂts (Fig. 5C).

Fig. 5: TIMELESS exprossion in the
brain newrons of wild-type lrval €

“B aud 20 staining in the pd-mutant
Tarval 7). ONSs were dissected at
zt2 ﬁnm rhe SD-reared larvae when 16-
d-old. The representative picties are
displaed.  Four treatments
compared: wild-type LD; wild-type SD.
npd-mutant LD, npd-mutant SD. Ten
Tarval CNSs of each treatment were fixed
in BouinHollande solution, embeded in
Par and sectioned using 820

mutant strain

were

pencer Microtome (American Optical
Com).  Sections were treated with
‘primary (tabbit anti-TIM) and secondary
(goat-anti-rabbit HRP conjugated) anfibodies. Preparartions were stained with 3,3 -diaminobenzidine, mounted in DPX medinm and viewed under
Axioplane 2 microscope (magnification 160x). All wild-type brains (both LD and D) showed similarly positioned two newsons in each
hemisphere. None of the st bra ing.

2.3. The long-day fim mRNA abund pattern rapidly changes to the short-day pattern
upon transfer of larvae from one photoperiodic regime to the other.

showed st

When the wild-type LD-reared larvac were transferred from the LD to SD conditions on day 15, the cell
proliferation in their CNS gradually ceased and almost 100 % of them changed their developmental destiny from
pupariation to larval diapause. Simultancously, the eyeling of 7im mRNA abundance rapidly changed (entraincd)
from the LD to SD pattern (Fig. 4. green line). In fact. the change in the development of f mRNA abundance was
apparent already during the first day (day 16) after transfer from LD to SD. On day 20, almost identical eyeling-
patterns were observed in the SD-reared and 1.D—SD-transferred wild-type larvac.

2.4. An endogenous component of diurnal cycling of tim mRNA abundance is weak.

When the LD- or SD-reared wild-type larvae were transferred to continuous darkness on day 16. the cycling-
patterns of fim mRNA abundance mostly dissapeared (Fig. 6A, B). Under the SD-conditions, a weakly expressed
continuation of the diumnal-like pattern was observed. which suggests that a weak endogenous component may
participate in driving the diumal oscillations of im mRNA abundance. The transfers to continvous darkness did not
change developmental destinies of the larvae.

A 0 150
——0D B ——0n
3 - N
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photoperiodic regime to confimons darkness when they were L5-d-old. The larvae were inifially reared either at long-day (A). o short-day (B).
conditions (see legend of Fig. 3 for more detaile) The dashed lines ate tedzawn from Fig. 4 m compatison. They show how the rini mRNA
abundance develops in the larvae when they are he respective.
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ABSTRACT 2

Involvement of circadian clock in photoperiodic caéndar
function and diapause induction of the fly, Chymomyza
costata.

Kostal V., Stehlik J., Zavodska R., Sauman |., 8hinada K.

Molecular mechanisms underlying the photoperiodiduction of larval diapause
were studied in the drosophilid fl&hymomyza costat®ur previous results revealed
that the expression of clock gemeriod andtimelesss abnormal and the function of
central circadian clock is impaired in thed (non-photoperiodic-diapause) mutants.
Disrupting thetimelesstranscription in the wild-type strain by injectiai timeless
dsRNA into early embryos resulted in adoption oh@dmutant phenotype (no-
diapause in response to short-daylength) in a inegeoportion of individuals.
Genetic linkage analysis confirmed that a mutaleiebftimelessgene timels$™ is
strictly co-inherited with the mutant phenotype.cBatly, clear daily cycling ofim
transcripts was observed in larval CNS during tén3tar development under short-
day conditions. Such cycling was less apparent tieelong-day conditions, where
a gradual increase ¢ifm transcripts abundance appeared as a previlingl.t/Eivi
protein was localized in two neurons in each bitamisphere of wild-type larvae
using anti-TIM antibody. In a marked contrast tddatype strain, no neurons were
stained in the CNS ohpdmutant larvae and the level dim transcripts was
approximately 10-fold lower in them. By transfegisensitive wild-type larvae to
continuous darkness, we found that an endogenaupauent of dailytim transcript
oscillations was relatively weak (short-day larvae)unapparent (long-day larvae).
When sensitive wild-type larvae were transferredmfr long-day to short-day
conditions, they responded by entering diapause theaid tim expression changed
within less than a single day from a long-day tghart-day pattern. Analysis of
genomic structure ofimelessgene in both strains revealed thiheles& allele
carries a large (ca. 1800 bp) deletion in the ptemaegion. As the deletion covers
important regulatory sequences, we hypothesizet, this mutation intimeless
promoter might cause a disruption of circadian klémction in adult insects and
disruption of photoperiodic calendar function irviee ofC. costata.
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