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Abstract, Circadian biological clocks  are  fascinating time-keeping devices that  are  found  in all

studied  eukaryotic  organisms  and  some  prokaryotes as  well,  Our  understanding  of  molecular

mechanisms  underlying  the function of  circadian  clocks  has developed tremendously  within  the past

few years. Several different insect species, from both endopterygota  and  £ xopterygota  subdivisions,

served  as important model  organisms  in physiologicti1 and  molecular  studies  of  circadian  biological
oscMators.  The  aim  of  this review  is to summarize  the  current  understanding  of  the  fundamental

molecular  mechanisms  of  insect circadian  clocks  and  stress  the  similarities  as  well  as  the differences

found among  the  studied  insect model  species.
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Introduction

  Most, if not  al1, living organisms  show  biological

cycles  at  a  molecular,  physiological and  behavieral

level. These  cycles  are  controlled  by endogenous

biological clocks,  and  in general can  be divided into
three  major  categories:  circadian  rhythms  with  a

period close  to 24  h, ultradian  rhythms  with  a period
considerably  shorter  than  24  h and  infradian rhythms

with  period much  longer than  24 h. There  is no  doubt

that  due  to astonishing  advancement  in molecular

genetics, the best studiied  biological oscillators  are  the

circadian  clocks.  Circadian biological clocks  among

a]1 organisms  share  three common  characteristics.

First, as mentioned  before the biological clock  is

endogenous,  genetically determined, with  a  period
about  24 h, Unlike oscillations, which  are  driven by

periodical changes  in the envirQnment,  the  endoge-

nous  biological clock  can  
"free-run"in

 constant  condi-

tions without  any  surrounding  environmental  oscilla-

tions. Second, the clock  can  be entrained,  or reset  by

environmental  stimuli, the most  prominent  being light
and  temperature. Entrainment occurs  on  daily basis
and  ensures  synchronization  of  the iflternal biological
clock  with  external  environmental  oscillations. Third,

the  circadian  clock  is temperature  insensitive within  a

eertain  range  of  physiologically plausible tempera-

tures. This means,  that  for instance in the giant
silkmoth,  the clock  is "ticking"

 with  exactly  the same

speed  in diapausing pupa at  sub-zero  temperat-res  and

in the adult  moth  at temperatures over  25 or  30℃.

lkmoth, period,timeless.

This phenomenon, which  seemingly  escapes  the laws

ofthermodynamics,  is referred  to as temperature  com-

pensatlon.
  Each circadian  timing  system  consist  of  three parts:

the input pathway, the core  oscillator, and  the output

pathway. The  clock  input pathway  provides the  con-

nection  of  the clock  with  the  surrounding  environ-

ment  and  is necessary  for entrainment.  The  important

part ef  the input system  are  photoreceptors, which,in

many  cases  are  distinct from the visual  system,  the so

called  extraocular  photoreceptors, The core  oscillator

represents  the time-keeping  deyice, the endogenous  ,
clock,  which  can  free-run without  any  external

stimuli.  The  output  pathway  ensures  the transfer of

the timing information from the core  oscillator  to the

rest of  the organism.

  Within  the last few years, the analysis  of  circadian

clocks  at the biochemical, molecular,  and  genetic leve]
has accelerated  at a  phenomenal rate. A  central  issue
to the  field of  circadian  biology is te elucidate  the

molecular  
"gears"

 underlying  circadian  oscillators.

Several genc  candidates  have been cloned  in a variety

of  species  and  many  are  still  to be identified. Due  to

the tremendous advancement  in the field, many  recent

reviews  have been written  about  the subject  (Dunlap,
1998a, b; Hall, 1998; Reppert,  1998; Sassone-CoTsi,

1998; Schibler, 1998; Wilsbaeher  &  Takahashi,  1998;

Young, 1998). This fact makes  the task  of  writing  a

new  review  very  challenging,  The  danger  is even

higher considering  the speed  of  the  development  of  the

circadian  field and  the cons{derable  
"phase

 shift"  bc-

tween  writing  the  review  article and  its actual  appear-
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ance  in press, Our  role  is even  more  complicated  by
the recent  appearance  of  an  excellent  and  extensive

reyiew  by  Jay  Dunlap  (1999) summarizing  very

ceherently  the  entire  field of  
"molecular

 circadian

biology". For  this reason  and  also  considering  the

main  field of  our  research,  we  will  focus on  circadian

clocks  in insects, stressing  the main  similarities and

also  surprising  ditit:rences between the Drosophila
timing system  and  some  other  insect medel  organisms.

  The  research  ofcircadian  clocks  ha$ a  long tradition
and  insects very  often  seryed  as  important model

systems,  There  is no  doubt  that the fruithy, Droso-

phila melanogaste4  due  to the enormous  power of  its

genetics, represents  the premier insect species  for the

molecular  analysis  of  the circadian  rhythms.  The  first

paper  providing  direct evidence  of  the genetic basis of

the biological clock  came  from the study  by Konopka
&  Benzer  (1971). They  used  chemical  mutagenesis  in
Drosophita and  subsequently  screened  fbr genetic var-
iants with  unusual  circadian  rhythms.  As a  result,

they have  isolated three  mutant  lines in circadian

rhythmicity,  All three  mutations  mapped  to the same

locus on  the  X-chromosome,  which  was  named  the

period (per) gene  (Konopka &  Benzer, 1971). The
first of  the three  mutations,  called  pere, exhibited

completely  arrhythmic  behavior. The second  muta-

tion had behavioral rhythms  much  shorter  than  wild-

type flies, the period (T) being about  19h,  and  was

thus namedperS.  The  last mutant  line,perL, exhibjted

long behayioral rhythms  of  about  28h.  Strikingly,

this Iast mutation  not  only  affOcted  the  period length,

but theperL  flies also  lost temperature  compefisation,  a

fundamental feature of  all  circadian  timing  systems.

This finding strongly  suggested  that even  this crucial

clock  property is genetically determined,

The  Drosophila Clock

  The classic paper by  Konopka  and  Benzer  initiated

theintensivemolecularstudyoftheDrosqphilamelano-

gaster per  gene  in the  1980's, An  early  observation

revealed  that  the  PER  protein oscillates  in its abun-
dance with  a  clear  circadian  rhythm  in the frui!fiy
heads. The  most  pronounced  PER  cycling  was  detect-
ed  in the photoreceptors  of  the visual  system  and  also

in specific  lateral neurons  in the central  brain (Siwicki
et  aL.  1988), PER  pretein staining  reached  peak
intensity late at night  and  disappeared diuring the day

phase  of  the light-dark (LD) cycle.  Soon  afterwards,

it was  dcmonstrated that thepen  mRNA  also'oscil-

lates in the fruitfly heads (Hardin et aL, 1990). Inter-
estingly,  the  peak  level ef  the per mRNA  was  reached

early  at  night,  about  six hou[s earlier  than  the peak  of

PER  protein. This striking  temporal  delay between

per mRNA  and  protein levels indicated the presence of

a  mechanism,  which  uncouplesper  transcription  from
immediate translation,  This also  suggested  some  form
of  negative  feedback, in which  the  PER  protein either

directly or  indirectly inhibits its own  transcription.

The key parameters  for this negative  feedback  oscilla-

tor  model  is the temporal  delay between  the  accumu-

lation ofper  mlU,IA  and  protein and  the  stability of

PER  product. A  variety  of  mathematical  models  of

per oscillation taking into account  the temperature
compensatien  have confirmed  that these are  indeed
the  two  critical yariables  leading to aperpetual  molec-

ular  cycle  (Goldbeter, 199S; Ruofi  1998),

  If it is assumed  that PER  protein is directly in-
volved  in the negative  regulation  of  its own  transerip-

tion, then it should  fu1fill the fo11owing two  criteria:

first, it should  move  to the nuclei  of  theper  expressing

cells  to turn off its own  gelle; second,  the PER  protein
should  contain  a DNA  binding domain, which  Would
allowed  PER  to bind to per gene  prornoter. The

former prediction was  confirmed  by immunocyto-
chemical  observation  that PER  protein indeed moves
to the nucleus  of  DTvsophila eye  photereceptors, as

well  as lateral neurons  in the central  brain (Curtin et

aL.  1995). In both  cases,  the nuclear  translocation

occurs  late at  night  when  the PER  protein level
reaches  its maximum,  However,  amino  acid  sequence

analysis  of  PER  protein failed to confirm  the latter

prediction. The PER  protein does not  contain  any

known  DNA  binding motif  and  therefore  is highly

unlikely  to bind to its own  premoter  and  act  directly
onper  transcription. Database  comparison  revealed,

however,  that PER  contains  so  called  PAS  domain

(aecording to its presence in 2ER, in the human  aryl

hydrocarbon  receptor  nuclear  translocater protein,

ARNT, Hotiman et  aL,  1991, and  in the Drosophila
single-minded  protein, SIM, Crews et aL, 1988). The
PAS  domain is a  protein-protein dimerization motif

found in a  large family of  proteins (Pellequer et  al..

1998). This finding initiated a search  for a  potential
PER  partner, which,  if also  equipped  by a proper
DNA  binding domain, could  mediate  PER's  trans-

criptional  function. The  hunt for PER's dimerizing

partner was  successful  and  its corresponding  cDNA

was  independently cloned  by two  diffbrent molocular

approaches  reported  in the same  issue of  Science

(Myers et  aL,  1995; Gekakis et  aL,  1995). Mye[s  and

his colleagues  (1995) reported  positional cloning  of  a

secondDrosophila  clock  geme, timeless  (tim). Using a

yeast two-hybrid  system  as  a  screen  for potential
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PER-interacting partners, Gekakis and  colteagues

(1995) reported  cloning  of  a putative PER  dimeriza-
tion  partner, Remarkably, the protein turned out  to

be identical to TIM,, Sequence analysis  revealed  that

tim  encodes  a novel  protein and  shows  no  homology to

PER.  Surprisingly, TIM  does not  contain  a  PAS

dernain thus suggesting  a  heterotypic interaction be-

tween  TIM  and  PER  (Reppert &  Sauman, 1995).

Mutations of  the tim locus produce phenotypes  similar

to those  ofper  mutants  (Sehgal et  al.. 1994>. Tempo-

ral analysis  of  tim expression  showed  that both the  tim

mRNA  and  the protein undergo  striking  circadian

oscillations  in their abundance,  with  approximately

identical phases as the corresponding  products of  the

per gene, Both genes are also  co-expressed  in the same

population of  cells  in Prosophiia central  brain and

visual  system  (Sehgal et  al., 1994; Hunter-Ensor et al.,

1996; Myers et  al..  1996). Furthermore, the ar-

rhythmic  tim  mutation  also  abolishes  the molecular

oscillations  of  the per gene products (Sehgal et aL,

1995) indicating that tim  andper  form interdependent
molecular  feedback  loops, Further spatial  analysis

revealed  that PER  and  TIM  proteins indeed dimerize

in the cytoplasm  ofper  and  tim  co-expressing  cells  and

both undergo  translecation  to the nucleus  late at  night

(Zeng etal.  1996; Leeet al.. 1996). PER  product  is

progressively phosphorylated  during the night  phase

(Edery et  aL.  1994) suggesting  this phosphorylation  is
largely responsible  for the delay between the appear-
ance  of  PER  and  TIM  monomers  in the cytoplasrn
early  at  night  and  the fbrmation  of  PER-TIM  dimers

late at  night  shortly  before their nucle'ar  translocation.

Recently, a  new  gene involved in the  Drosophila circa-

dian timing  system,  double-time (dbt), was  cloned  and

characterized  (Kloss et  at., 199g; Price et  aL,  1998),
The  DBT  protein is closely  related  to the  human

casein  kinase and  mutations  in the  dbt gene alter

peried length of  Drosqphila ciTcadian  rhythms..

Remarkably,  it was  found  that  DBT  is involved in

phosphorylation of PER  monorners  as  soon  as  they

are  translated in the cytoplasrn,  The  phosphorylation
destabilizes PER  protein preventing its premature
accumulation  in the cytoplasm  (KloSs et al,, 1998;
Price et  al.. 1998). As  TIM  levels start to rise in the
cytoplasm  during the night,  the effect  of  DBT  is
suppressed  via  an  unknown  mechanism  and  as a  result

enough  PER  monomers  become available  to dimerize
with  TIM.  After  dimerization, the PER-TIM  com-

plex is trans]ocated to the nucleus.  As mentioned

above,  the timOL mutation  eliminates  circadian  oscilla-

tion  of  bothper transcript  and  protein (Vosshall et  al..

1994; Price et aL, 1995) and  similarly  perOi mutation
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has the same  effect  on  the products of the tim gene
(Sehgal et al.. 1995). Furthermore, both mutations
also  block nuclear  localization of  their respective  di-
merization  partner (Vosshall et  al,, 1994; Hunter-
Ensoret al,, 1996; Myers etal.,  1996). Although both

proteins contain  a  nuclear  localization signal,  they are

restricted  to the cytoplasm  when  expressed  individual-

ly (Saez et al., 1996). Deletion mutagenesis  of PER
and  TIM  proteins revealed  a functional domain on

both  proteins, called  the  cytoplasmic  localization

domain  (CLD), which  anchors  the proteins in the
cytoplasm  and  promotes cytoplasmic  accumulation

(Vosshall et al,, 1994; Saez et al., 1996). The  hetero-
dimerization of  PER  and  TIM  proteins overcomes  the

cytoplasmic  blockade and  the dimer translocates to
the nucleus.  This regulation  of  PER!TIM  nuclear

entry  can  thus serve  as one  of  the critical  checkpoints

in the circadian  molecular  oscillation  and  can  also

contribute  to the delay between per and  tim transcrip-

tion and  translation that is essential  for a stable  24 h
molecular  oscillation  (Saez et al., 1996; Kay  &"Millar,
1995; Reppert  &  Sauman, 1995). After  entering  the

nucleus,  PERITIM  complex  is presumably  involved in

negative  regulation  ofper  and  tim  transcription, This

transcriptional inhibition is lifted after  ultimate'degra-

dation of  the complex.

  One  of  the fundarnental features of  all  circadian

clgcks  .is their ability  t,o'be ･entrained by environmental

stimuli,  particularly bY. Iight: - lt has been  demonstrat-

ed  that even  very  short  pulses of  light can  reset  the

circadian  clock.  In many  species  including Drosophila,

light pulses administered  under  free-running condi-

tions  (constant dalrkness and  temperature)  cause

phase  delays early  evening  and  phase  advances  late at
night, generating a  so  called  phase response  cuTve

(PRC; Saunders, 1982; Saundersetal. 1994). Ifper

and  tim  are  bona .fide
 clock･genes,  parts of  the core

clock  oscillator, one  would  predict that the molecular

oscillations  ef  their  respective  products  (mRNA  and

protein) will bg reset  by light pulses. This  prediction
was  confirmed  by finding that TIM  protein is sensitive
to light and  is rapidly  degraded by acute  exposure  to

illuminatian (Hunter-Ensor et al., 1996; Lee et aL,

1996; Myers et'aL, 1996; Zeng  et aL. 1996). In turn,
the Ievels ef  PER  protein start  declining shortly  after

TIM  because its stability  greatly depends on  TIM

(Lee et  al,, 1996; Zeng et aL.  1996). Coming  back to

the PRC,  the mechanism  of  the phase  delay as  well  as

the phase adyance  can  be explainecl  by the acute

sensitivity  of TIM  pTotein to  light. Light pulse ad-

ministered  early  at night  will cause  degradation  of

TIM  in the cytoplasm.  Because of  the high level of
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tim. mRNA  at this tirne of  the day, the cytoplasmic

TIM  is recovered  by translation of  its available  tran-

script. The time  necessary  to reach  the pre-pulse TIM
level generates the phase delay ofthe  cloek,  Similarly,
when  a  light pulse is given late at night,  nuclear  TIM
is degraded, but no  tim mRNA  is available  in the

cyteplasm  at this time  of  day. Therefore  TIM  protein
drops prematurely to the level that is characteristic  for
subjective  moming.  Thus  the circadian  cleck  as well

as  the locomotor activity  rhythms  appear  to advance

to a  phase  that corresponds  with  a low level of  TIM

protem.

  Since neither  PER  nor  TIM  possess any  known
DNA  binding domain, the remaining  question is how
the PERITIM  dimer represses  transcription of  per
and  tim  genes. A  logical prediction would  be the
existence  of  an  additional,  unknown  partner(s) ef

PER  and  TIM,  which  would  possessed DNA  binding
ability. Recently, two  additional  mutations  disrupting
Dro.senh.ila circadian  rhvthms  have been isolated    [.  v

(Allada et al.. 1998; Rutila et aL. 1998). The  first is

cycle ((u,c), also called  ctBmall,  and  the second  was

initial]y named  Jerk U)'k), but now  is referred  to as

dClock [IIhe cDNAs  of  both dBmall (cyc) and

dClock (Ylrk) genes have been cloned  and  the follow-

ing sequence  analysis  revealed  that both proteins not
only  carry  a PAS  domain, but also  contain  a basic-
helix-loop-helix (bHLH) DNA  binding motif.  In

addition,  biochemical analysis  showed  that  both

dBMALI  and  dCLOCK  Proteins can  dimerize with
PER  via its PAS  domain (Darlington et at.. 1998;
Gekakis et at., 1998), The promoters of  both per and
tim  genes contain  a  short  sequence  called  an  E-box
that serves  as a  binding site for bHLH  transcription

factors, It has been demonstrated that deletion ofthe
E-box from theper  promoter considerab!y  reducesper

transcription and  abolishes  PER  cycling  (Hao et al,,
1996). A  sigriificant progress in our  understanding  of

Drosophila clock  came  from experiments  showing  that

dBMALIIdCLOCK  heterodimer physically binds to
the per and  tim  Eboxes  and  constitutively  stimulates

their expression  <Darlington et aL. 1998; Gekakis et
al., 1998). Furthermore, it has been shewn  that PER

protein direetly represses  the dBMALIIdCLOCK-

t
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Fig. 1. A  cartoon  depicting the major  biochemical gears in the Drosophila cEeck.  Heterodimers of  dBMALI  (CYC) and

   dCLK  (JRK) bind to the E-boxes located in the promoters of  the per and  tim genes, censtitutively  driving their

   expre$sion.  The  mRNA  levels of  both peak  early  at  night.  Both are  translated into their respective  proteins, PER  and

   TIM,  in the cytoplasm.  PER  rnonomers  are  imrnediately phosphorylated by the kinase DBT,  signaling  the protein for its

   eventual  degradation, The  action  of  DBT  fine tunes the clock  by preventing premature accumulatien  of  PER  in the

   cytoplasm.  DBT  is inhibited as  TIM  Levels rise, although  it remains  unknown  whether  TIM  acts  directLy er  {ndirect]y,

   or  if these  two  events  are  coincidental,  TIM  is also  susceptible  to degradation  by expesure  to light, thus enabling  the

   clock  to be entrained.  PER  and  TIM  form a stable  cornplex  late at night,  about  six  hours after  the peak in mRNA

   levels, just as  the accurnulatien  of  these proteins reaches  their maxirnum.  This step  seryes  as  a  vitat checkpoint  for

   maintaining  the periodicity of  the clock,  The  PERITIM  heterodimer  is then traslocated into the nucleus  where  it inhibits

   the action  of  the dBMALIIdCLK  cornplex,  thus c]osing  the loop of  the negatiye  feedback meehanism  in the Drosophila

   clock,  Arrews  indicate pesitive rcgulation  or  direct modulat{on.  Lines terminating  in bars excltisively  denete negative

   regulation.
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stimulatedper  transcription  (Darlington et  aL,  199g),

Tliese last experiments  thus closed  the molecular  loop

of  the Drosophila  core  cifcadian  oscillator  (Fig. 1).

Tlte Silkmoth Clock

  The giant silkmoth,  Antheraea pernyi, served  as

another  insect model  system  in classical  physiological.

studies  of circadian  rhythms  initiated more  than  three

decades ago  (Williams &  Adkisson, 1964; Truman  &

Riddiford, 1970; Truman, 1971a, b, 1972, 1974). The

silkmoth  manifests  robust  circadian  behavior in egg

hatching, photoperiodic termination of  pupal dia-

pause, adult  eclosion,  and  the adult  flight rhythm

(Trurnan and  Riddifbrd, 1970; Truman, 1972, 1974;

Sauman  et  al.. 1996), The  size and  the neurehor-

monal  properties of  the silkmoth  brain greatly facili-
tated  elegant  brain lesion and  transplantation studies

determining  the  location of  the silkmoth  circadian

pacemakeT  in the  dorsal lateral protocerebrum

(Truman, 1972, 1974). The  molecular  dissection of

the silkmoth  circadian  clock  was  initiated by cloning
the  homolog  of  the  Drosophita clock  gene period

(Reppert et  al..  1994). Besides A. pernyi, per ho-
mologs  were  also  clened  from  other  insect species:

another  silkmoth,  Elyatophora cecropia;  the hawk-
moth,  Manduca  sexta;  and  a  hemimetabolous insect,

the American  cockroach,  Periptaneta americana,  The

cloning  ofper  from  these insect spccies  was  the first

evidence  that the molecular  elements  forming the basis

of  the circadian  clock  may  be eyolutionarily  con-

served,  at  least in the class  Insecta. The  initial study  in

A. pernyi revealed  a prominent  circadian  oscillation  of

per transcript in the  silkmeth  heads. Similar to Dro-

sophila,  PER  proteln was  found  to oscillate  in the

silkmoth  eyes  and  also undergoes  nuclear  transloca-

tion in the photoreceptor cells  (Reppert et  al., 1994).

Subsequent transgenic studies  demonstrated  that

silkmoth  PER,  when  expressed  under  a  control  of

Drosophita per promoter in perO flies, exhibits  the same

nuclear-cytoplasmic  dynamic  in Drosqphila lateral

neurons,  the presumed pacemaker ceils  of  the  fruitfly

(Leyine et  aL,  1995), The silkmothper  transgene  was

also  able  to rescue  the arrhythmic  locomotor  behayior

of  the per" fiies, clearly  demonstrating that silkmoth

per can  function as  a  molecular  cemponent  of  the

Drosqphila circadian  timing  system  (Levine et al..

1995). Thesurprising  results  came  from the silkmoth

central  brain. The expression  of  PER  protein in A. per
nyi  brain is restricted  to eight  large neurosecretory

cells  in the dorsul lateral protocerebrurn (Sauman &
Reppert, 1996), a  strikingly  different pattern than

S93

Drosophila, where  dezens  of  brain neuTons  and  hun-
dreds ef  glial cells  express  PER  protein (Ever et  aL,

1992; Frisch et  al., 1994). The  locatien of  the PER

expressing  cells  corresponds  te the  brain region  which

was  identified in brain lesion and  transplantation stud-

ies as the location of  the  circadian  clock  eontrolling

the silkmoth  flight behavior  and  adult  eclosion  rhythm

(Truman, 1972, 1974), Even more  surprising  is the

fact that the PER  protein is confined  to the cytoplasm

of  the neurosecretory  cells and  is also  found  in their

axonal  projections terminating in the ipsilateral corpo-

ra  allata  of  the moth  retrocerebral  complex  (Sauman
&  Reppert, 1996), The axonal  transport of  PER  to

these  neurohemal  organs  suggests  a possibility that

PER  may  be released  into the hemolymph  or  play

some  regulatory  role  in the corpora  allata. Interest-
ingly, the per expressing  cells  and  their axonal  trajec-

tories are  strategically  positioned in close  vicinity  to

several  groups  of  neurosecretory  cells,  e.g.  pro-
thoracicotropic hormone  and  eclosion  hormone  pro-
ducing  cells,  whose  secretion  is known  to be under  a

circadian  control  (Williams, 1969; Trumati,  1992;

Sauman  &  Reppert,  1996), Examination  of  PER  in

the eight  neuTons  in the  moth  central  brain revealed  a

pronounced  circadian  oscillation  of  PER  protein level,

however, there  was  no  detectable PER  product  in the

nuclei  of  these cells  at  any  time.  TIM,  the partner of

PER  in the Drosny)hila timing  systern,  is co-expressed

in the same  eight  nellrosecretory  cells  in the silkmoth

central  brain. TIM  protein also  oscillates  in these

cells, in phase with  PER  cycling,  and  like PER,  does

not  undergo  the nuclear  translocation  (Sauman &
Reppert, 1996), The eight  neurons  also  co-expressper

mRNA  with  pronounced  circadian  oscillation.  Unlike

Drosophila, however, there is no  time  delay between

per transcription and  translation and  both  mRNA  and

protein rhythms  are  virtually  superimposable.  Com-

pletely unprecedented  was  the finding that the eight

PER  positive cells also  express  antisense  per RNA

(Sauman &  Reppert, 1996). Moreaver,  this antisense

per transcript undergoes  striking  circadian  oscillations

with  an  opposite  phase compared  to the  per sense

mRNA  and  PER  (andTIM) protein. As  expected  for

molecules  forming  the circadian  clock,  the exposure  to

constant  light that  abolishes  rhythmic  behavior in A,

pernyi (Truman, 1971; Sauman  &  Reppert, 1996;

Sauman  et aL, 1996), alse  disrupts the molecular

oscillations  ofper  mRNA  as well  as  its corresponding

protein, The rhythm  of  theper  antisense  RNA  is also

abolished  under  constant  light conditions  (Sauman &
Reppert, 1996).

  As  mentioned  before, the egg  hatching behavior  in
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A. pernyi is under  the control  of  the circadian  clock

(Sauman et  al.,  1996; Sauman  &  Reppert,  1998). Tlie

functional circadian  clock  controlling  this behavior  is

forrned by  mid-embryogenesis.  This  coincides  with

the appearance  of  PER  and  TIM  proteins in afore-

mentioned  eight  cells in the embryonic  brain, Similar
to the adult  brain, PER  and  TIM  are  restricted  to the

cytoplasm  of  these  cells  and  is neyer  detected in the

nuclei.  However,  PER  protein is also  expressed  in the

midgut  epithelial  cells  with  striking  oscMatien  and

nuclear  translocation  (Sauman et  aL,  1996), identical

to its behavlor in the  adult  moth  ocular  photorecep-
tors, Brain  transplantation  studies  of  pharate  larvae

have  determined that the location of  the circadian

clock  gating egg  hatching behavior is indeed in the
brain <Sauman &  Reppert, 199S). In addition,  it was
shown  that  PER  oscillation  ln the  midgut  epithelial

cells  depends  on  an  intact embryonic  brain. The

transplantation  studies  strongly  suggest  existence  of

an  L,nknow,n,  hu!!.i-orA-l fa-ctor frQrn the  bra{n.. that

initiates the  egg  hatching  behavior  (Sallman &
Reppert, 1998),

  The  results  from the  silkmoth,  Antheraea  pernyi, are

in clear  contradiction  with  the mole ¢ ular  mechanism

of  the circadian  clock  in Drosephila. If neither  silk-

moth  PER  nor  TIM  enter  the nuclei  of  the putative
pacemaker cells, it is dificult to explain  their circadian

clock  function by the negative  feedback  oscillator

model.  It has been suggested  that perhaps theper
antisense  RNA,  which  cycles  in antiphase  with  theper

sense  mRNA,  can  generate the PER  oscillation  by
negatively  regulating  its translation (Sauman &  Rep-

pert, 1996; Hall, 1996; Sassone-Corsi, 1996). Ifthis is
trlle, the  function ofPER  protein in the cytoplasm  of

clock  cells  remain$  a mystery.  One  possibility men-

tioned  earlier  is that  PER  can  p]ay some  neurohumor-

al  Tole  by being secreted  from the corpota  allata into
the hemolymph.  However, there is no  evidence  fbr
such  a  function and  this suggesti'en  is purely specula-
tive. It is also feasible that neither  silkmoth  per nor

tim are  central  components  of  the moth  circadian

clock  and  are  only  part of  the clock  output  pathway

(Hall, 1996). This  conjecture  seems  less likely, how-

ever,  considering  all  the  eyidence  about  moth  per
function that  has accumulated  over  the  ]ast five years,

Table
 
1.
 
Expression

 pattenis ef  circa,dian  
clock

 genes in
   adult  central  brain.Fruitfiy

Silkrnoth

PER

  Cell No.

  Cycling

  Nuclear

 Axons

 per mRNA  cycling

 perfPER  phase

 per antisense  RNA

TIM

 Co-localizatien

 Cycling

 Nuelear

 Axons

  >1OO

  Yes

  Yes

   No

  YesPhase

 delay

   No

YesYesYesNo

    8

   Yes

   No

   Yes

   YesSynchronous

   Yes .

YesYesNoYes

Conclusion and  Future Prospectives

  It is obvious  that molccular  regulation  of  circadian

clock  gene  period in the silkmoth,  Antheraea pernyi is
strikingly  different from Drosophila (see Table 1).
Perhaps A. pernyi  represents  just some  exceptional

  The table contrasts  the major  differences in the  eircadian

  timing system  between the fruitfiy, Drosophila melanagaste;

  and  the giant silkJnoth,  Antheraea  pernyi, The  data in-

  cluded  in this table can  be found in the  fo11owing refer-

  ences:  Siwicki et aL.  1988; Hardin  et  aL.  1990; Reppert  et

  aL,  1994; Repperl and  Sauman, 1995; Hall, 1996; Saumall

  &  Reppert, 1996; Dunlap, 1998a. 1990.

example  in the evolutien  of  circadian  clock  mecha-

nism  in insects. However,  the same  results  were

obtained  with  seven  other  giant silkmoth  species

(Sauman &  Reppert, 1996; Sauman,  unpublished

data), perhaps  extending  this 
"exception"

 to all satur-

niid  moths,  In addition,  we  have  used  several  different

available  antibodies  against  PER  protein to screen  all

major  insect orders  fo[ PER-like  expression  in the

adult  central  nervous  system  (CNS). In most  cases  we

have obtained  clear  staining  in a  restricted  population
ofbrain  cells, but the PER-like  immunoreactivity  was

always  confined  to the perikaryal cytoplasm  at  all

times and  was  never  detected in the nuclei  (un-
published data). Surprisingly, eyen  the  housefiy,

Mzasca domestica, a  species  phylogenetically closely

related  to Drosophila (both belong  to higher dipterans,
the  Cyclorrhapha  group)  exhibits  a strikingly  diffbrent

pattern of  PER  staining.  Unlike in Drosophila. per-like
expression  is restricted  to a small  population of  neu-

rons. in housefiy brain with  no  indication of  nuc]ear

translocation,  a  critical  feature of  fruitfly PER  func-
tion (unpublished data; Kyriacou, peTsonal communi-
cation).  These prcliminary results  indicate that the

molecular  mechanisms  underlying  the circadian  clock

in these two  dipteran species  may  be fundamentally

different, and  that Musca  exhibits  PER  staining  more

similar  to the silkmoth,  So, the  question could  be is
Drosqphila the  exception  in insects after  all?  Could
time  really be Tunning  out  on  the Drosophila clock?
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Apparently, more  detailed comparative  studies  are

needed  to understand  the  general concept  ef  the mo-

lecular regulation  ofcircadian  clecks  in insects. So, it

is clear  that the game  is still far from being over...

Acknowledgments

 We  would  like to thank  Bambos  Kyriacou  fOr shar-

ing unpublished  data. [[his work  was  supported  by

grants from GACR  20419811623 and  HFSP  RG-27f

97.

References

Allada, R., White, N. E., Venus  So, W,, Hall, J. C. &  Rosbash,

  M. 1998. A  mutant  Drosophila homolog  of  mammalian

  Clock disrupts 'circadian rhythms  and  transcription of

  peried and  timess. CelL 93, 791' 804.

Crews,  S.T., Themas,  J.B. &  Goodrnan, C.S, 1988. The

  Drosophila singte-minded  gene ,encodes a  nuclear  protein

  with  sequence  similarity  to theper  gene product. CelL 52:

  143-IS2.

Curtin, K. D., Huang,  Z. J. &  Rosbash,  M.  199S, Temporally

  regulated  nuelear  entry  of  the Drosophila period protein

  contributes  to the circadian  elock.  IVburon, 14: 365-]7Z.

Dar]ington,  T. K., Wager-Smith,  K., CeTiani, M.  F., Stakins,

  D,, G ¢ kakis, N., Steeves, T. D. L., Weitz, C. J., Takahashi,

  J. S. &  Kay,  S. A, 1998, Closing  the circadian  loop; clock

  induced  transcription of  its ewn  inhibitors per and  tim.

  Sbience, 280: 1599-1603.
Dunlap,  J, C, 1998a. Common  threads  in eukaryotic  circadian

  systerns.  Current  Cipinions in Genetics and  Deveiopment, 8:

  4eo-4o6,

Dunlap,  J, C, 1998b. An  end  in the  beginning, Science, 280/

   IS48-IS49.

Dunlap, J. C. 1999. Molecular  bases for eircadian  clocks,  Cell,

  96; 271-290.
Edery, I,, Zweibel, L.J., Dembinska, M,E.  &  Rosbash, M.

   1994. Temporal  phosphorylation of  the  Drosophila period

  protein. Proceedings qf IVbtional Academy  of Sciences.
   USA,  91: 2260-2264.

Ever, J., Frisch, B., Hamblell-Coyle, M.  J., Rosbash,  M.  &  HalJ,

  J, C. 1992. Eipression of  the period elock  gene within

   difierent cell types in the brain of  Drosophita adults  and

   mosaic  analysis  ofthese  eells' infiuence on  circadian  behay-

   ioral rhythns,  Jburnat ofNeuroscience, 12: 3321-3349.

Frisch, B., Hardin,  P, E., HaTnblen-Ceyle, M.  J,, Rosbash, M.

   &  Hall, J. C. 1994. A  promoterless period gene  mediates

   behavioral rhythnicity  and  cyclica]  per expressiom  in  a

   restrieted  subset  oftheDrosophila  nervous  system.  Neuron,

   12: SSS-S70.

Gekakis, N., Saez, L., Delahaye-Brown,  A. M., Myers, M. P.,

   Sehgal, A., Young, M.  W.  &  Weitz, C. J, 199S, Isolation of

   tLmeless by PER  pretein interaetien: defective interaction

   between  timeless protein and  long-perLod mutaatperL,  Sci-

   ence,  270: 811-B15.

Gekakis,N,,Staknis,D.,Nguyen,H.B,,Dayis,F.C.,Wilsbach-

   er, L. D., King,D.  P,, Takahashi,J. S. &  Weitz, C, J, 1998,

S9S

  Role  of  the CLOCK  prote{n in the mammalian  circadian

  mechanism.  Sbience 2Se: 1564-IS69,

Goldbeter, A.  1995. A  mDdel  for circadian  oscillations  in the

  Drosophila period protein, Rqyal  Sbciety qfLondon,  B261:

  319-324.

Hall, J. C. 1996, Are cycling  gene  products as  internal zeitgeb-

  ers  no  longer the  zeitgeist  of  ehronebiology?  IVhture, 17:

  799-80Z.

Hall, J. C. 1998. Ctrcadian rhythms  blovving hot and  cold-but

  they"re elocks,  not  thermometers.  CeU,  90: 9-12.

Hao, H., Allen, D,L.  &  Hardin, P.E. 1996, A  circadian

  enhancer  mediates  PER-dependcnt  mRNA  cyc!ing  in Dro-

  sophiia.  Molecutar Clell Biology, 17: 3687-3693,

Hardin, P. E., Hall, J. C. &Rosbash,  M. 199e. Feedback ofthe

  Drosophila  period gene  product  on  circadian  cycling  of  its

  messenger  RNA.  IVature, 343: S36-540.

Hoffinan, E. C., Reyes, H., Chu,  F., Sandcr, F., Conley, L. H.,

  Brooks, B. A, &  Hankinsen, O. 1991. Cloning  of  a facter

  required  for activity  ofthe  Ah  (Dioxin) receptor.  Science.

  252: 9S4-958,

Hunter-Ensor, M,, Ousley, A. &Sehgal, A. 1996. Regulatien of

  the Drosophila pTotein timeless  suggests  a mechanisTn  for

  resetting  the cireadian  cleck  by light. CleIL S4: 67k685,

Kay, S.A. &  MMar,  A.J.  199j, Ncw  models  in vogue  for

  circadian  clocks.  CelL 83: 361-364.

Kloss, B., Price, J, L,, Saez, L., Blall, J., Rothenfiuh, A.,

  Wcsley,  C. S. &  Young,  M,  W,  1998. Thc  Drosophila  clock

  gene deuble-time encodes  a  protein closely  related  to

  human  caseinkinase  le, Cell, 94: 97-107.

Kenepka, R, J. &  BenzeT,  S. '1971. Cleck  mutants  ofDrosophila

  meianogasten  Proceedings of IVbtionQl Academy  of Sci-
  ences,  CLS,l. 6S: 2112-2116,

Lee, C., Parikh, V., Itsukaichi, T., Bae, K., &  Edery, I, 1996.

  Resetting the  Drosophita clock  by photic regulation  Qf  PER

  and  aPER-TIM  complex.  Science. 271: 1740-1744.

Levine, J, D,, Sauman, I., Imbalzano, M.. Reppert, S. M.  &

  Jackson, F. R. 199S, Period  protein from the giant silk-

   moth  Antheraea pernyi functions as  a  circadian  clock  ele-

   ment  inDrosophila melanogasten  IVlruron, 15: 147Jlj7,

Myers,  M.  P., Wager-Smith,  K., Wesley,  C. S., Young,  M,  W.  &

   Sehgal, A. 199S. Positional cloning  and  sequence  analysis

   oftheDrosophila  clock  gepe, timeless.  Sbience, 270; 805-

   808.

Myers, M,P., Wager-Smith, K., Rothenfluh-Hilfiker, A. &

   Young,  M.  W,  1996, Light-induced  degradation of  Time-

   less and  entrainment  of  the Drosophila circadian  clock.

   Sltience. 271: 1736-1740,

Pellequer, J.-L., Wager-Smith,  K. A., Kay, S. A. &  Getzoa  E.

   D. 1998, Photoactive yellow  protein: A  stnictural  proto-

   type for the  three-dimensional  fold of  the PAS  domain

   superfamily,  Proceedings qflVaiionatAcademy  ofSciences,
   USA, 9S: 5g84-5890.

Price, J, L., Dembinska, M.  E., Yeung,  M.  W.  &  Rosbash, M.

   199S. Suppression of  PERIOD  protein abundance  and

   circadian  cycling  by the Drosophila clock  mutatian  time-

   less. EMBO  JburnaL  14; 4044-4047.

Price, J. L,, Blau, J., Rotheitfiuh, A,, Abodeely,  M.,  Kloss, B. &

   Young,  M.  W.  1998, double-time is a  noyel  Drosophita

   clock  gene  that regu]ates  PERIOD  protein accurnulation.

   CelL 94: g3-95.

t-



The Entomological Society of Japan

NII-Electronic Library Service

TheEntomologicalSociety  of  Japan

596 Iyo  SAuMAN  and

Reppert,  S. M.  1998. A  clockwork  explosion.  rveuron. 21: l-4.
Reppert, S.M.  Tsai, T., Roca, A,L.  &  Sauman, I. 1994.

    Cloning of  a  structural  and  fimctional homolog of  the

    circadiari clock  genepen'od from the giant silkmoth  Anthe-

    raeapernyi.  Neuron, 13: 1167-1176.
Reppert, S. M, &  Sauman, I. 199S. period and  timetess  tango: a

    dance  oftwo  clock  gelles, IVeuron, 15: 983-986.

RuoM  P. 199g. Models  of  temperature  compensation  in biolog-

    ical rhytluns.  In Touitou, Y. (ed.), Bielogicat Clocks.

    Mlechanisms and  t#\Jlications;  73-80. Elsevier Science
    B. Y, London.
Rutila, J. E.. Suri, V., Le, M., Venus So, W,,  Rosbash,  M,  &

    Hall, J, C,  1998, CYCLE  is a  second  bHLH-PAS  clock

    protein essential  for circadian  rhythrnicity  and  transcrip

    tion ofDrosophita  period and  timeless. CeU. 93: 805-g14.
Saez, L. &  Young,  M.  W.  1996. Regolation  ofnuclear  entry  of

    the Dresqphila  qlock  protcinsperied and  timeless. IVleuron,
    17: 911-920,
Sassone-Corsi, P. 1996. Same  clock,  different works,  IVbture,
    384: 613-614.
Sassone-Corsi, P. 1998. Molecular clocks:  masteimg  time  by

    gene regulation.  IVtrture, 392: B71-874.

Sauman, I. &  Reppert. S. M,  1996. Circadian  clock  neurons  in

    the silkmeth  zi ntheraea  perr-,i: Novei  mechanism  of  period

    protein regulation.  IVleuron: 17: 889-900.

Sauman,  I. &  Reppert,  S. M.  1998. Brain  control  of  ernbryonic

    circadian  rhythrns  in the silkmoth  Antheraea  pernyi.

    IVeuron, 20: 741-748.

Sauman,  I., Tsai, T., Roca, A, L, &  Reppert, S. M.  1996,

    Period protein is necessary  for circadia]  control  of  egg

    hatchng  behayioT  in the  silkmoth  Antheraea pernyi.
    rVburon, 17: 901-909.
Saunders, D.S, 1982. Insect Clocks. 2nd edn.,  Pergamon

    Press, Oxford.

Saunders. D, S., GManders, S, W, &  Lewis, R, D, IY94, Light-

    putse phase  respense  curyes  for the Iocomotor activity

    rhythn  in period mutants  of  Drosophila melanqgaster,

    Joumal  ofInsect PhysiolagJc 40: 9S7-968.
Schibler, U. 1998. New  cogwheels  in the  clockwerks.  Nirture.
    393: 620-621.
Sehgal, A., Price, J. L., Man,  B. &  Young, M, W.  1994. Loss of

    circadian  behaviofal rhythns  and  per mRNA  oscillations

    intheDrasophiia  mutant  timeless. Sbience, 263: 1603-1609.
Siwieki, K. K., Eastman, C., Petersen, G,, Rosbash, M, &  Hall,

    J, C. 1988. Antibodies to the period gene preduct ef

HassanHASHIMI

    Drosophila reveal  diverse distributioll and  rhythmic

    changes  in the visual  system.  IVbttron, 1: 141-ISO.
Truman,  J. W,  1971a. The  role  of  the  brain in the  ecdysis

    rhythm  of  silkmoth:  comparison  with  the photoperiodic

    temiination  of  diapause. In Menaker, M. (ed.),Biochrono-
    metry:  483-S04. National Academy  DfScience$,  Washing-

    ton, D.C.
Truman,  J.W.  1971b. Hour-glass behavior of  the circadian

    cloekcontrollingeclosionofthesilknothAntherueapernyi.

    imceedings  of Nbiional Academy  of SCiences, Ustd, 68:
    S95-599.  ･
Truman,  J. W.  1972. Physiology  of  inseet rhythTns,  IL The

    silkmoth  brain as  the locatien of  the  biological clock  con-

    trolling eclosion.  Jburnal of Cbnu7arative ithysiolqgy, 81;
    99-114.
Truman, J. W.  1974, Physiology of  insect rhythms.  IV. Role  of

    the brain in regniation  of  the  flight rhythm  of  the giant
    silkmoths.  JburnalofCbmparativeRhysiolqgy, 95: 281-296.

Truman,  J. W.  1992, The eclosion  hormone  system  in inseets.

    Progress ofBrain Research  92: 361-374.
Truman,  J.W. &  Riddiford, L.M.  1970. Neuroendocrine

    control  of  ecdysis  in silkmoths.  Sbience. 167: 1624-1626.
Vosshali, L, B., Price, J, L., Sehgal, A., Saez, L. & Young, M.

    W,  1994. Biock in nuclear  locaiization ofperiod  protein by

    a  secend  cleek  mutation,  timeless. Sbience. 263: 1606-
    1609,
Williams, C.M,  1969. Photoperiodism and  the endocrine

    aspect  of  insect diapause, sympesium ofSbciety of Experi-
    mental  Biology. 23: 285-3oo,
WilliaTns, C. M.  &  Adkisson, P. L, 1964, Physiology  of  insect

    diapause. X[Y, An  endocrine  mechanism  for the photope-
    riodic  control  of  pupal diapause in the  oak  silkwerm,

    Antheraeaperrlj,L BiolagicalBulletin, 127: 5Il-S2S,

Wilsbaeher, L. D. &  Takahashi,  J. S. 1998. Circadian  rhytlms:

    molecular  basis of  the clock.  Current  Cipiniens in Genetics

    and  Development 8: 595-602,
Young,  M,  W.  1998. The  molecular  control  ofcircadian  behav-

    iora] rhythms  and  their entraimnent  inDrosophila. Annual

    Review ofBiochemistr)4 67: 13S-152.
Zeng,  H., Quian, Z., Myers, M.P.  &  Rosbash, M.  1996. A

    light-entrainment mechanism  for the Drosophita circadian

    clock  IVdture, 380: 129-135.

      (Received May  31, 1999; Accepted  August  23, 1999)

I//

ilIi

I


