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ABSTRACT-The  phase of locomotor activity of the onion  fly, Delia antiqua,  in LDI2:12 advanced  at a  low

temperature  (200C) as  compared  with  that at a high temperature  (250C), The free-running period (T) in
constant  darkness (DD) at 200C became  shorter  than that at 250C, suggesting that the phase advance  of

locomotor activity in LD cycles  at 200C was  caused  by the decrease in T, 1n constant 1ight (LL), the locomotor

activity was  arrhythmic  at a  constant  temperature. 1n both DD  and  LL, the locomotor activity was  entrained  to

a  12 hr 25eC:12  hr 200C  temperature cycle; the activity occurred  in the thermophase and  its peak delayed

with age. However, the delay in LL was  smaller than that in DD, At a  cycle  of 12 hr cool  (20eC> light and  12 hr

warm  <25"C) dark, the fly showed  a  similar activity pattern to that in LD 12:t2 at a  constant  temperature

(200C or 250C); the activity occurred  in the light phase, This suggests  that LD cycle  is a  stronger  zeitgeber

than a  temperature  cycle  to entrain  the locomotor activity of D. antiqua,

INTRODUCTION

   lt has been known that in most  species  of organisms,  the
free-running period <T) of circadian  oscillation depends on  the

ambient  temperature in constant  light conditions.  Aschoff

(1 979, 1 981) suggested  that with  an  increase in ambient  tem-

perature, T shortens in most  diurnal species  and  lengthens in

nocturnal  species,  However, it was  found that the change  of T

by temperature  is $light in many  organisms  including insects;

the Qio is generally very  close  to 1 ,O (Aschoff, 1979), ln light-
dark (LD) cycle$,  the ambient  temperature  influences the

phase of the locomotor activity rhythm  (Aschoff, 1979: Chiba

et aL, 1982; lkeda and  Tomioka, 1993; Tomioka etal.  1998),

   ln constant  darkness <DD) or constant  light (LL), tem-

perature cycle  is also  well  known  to entrain  the locomotor

actMty  rhythms  (Aschoft, 1960), ln insects, for example,
entrainment  of the Iocomotor  activity to a  temperature  cycle

was  reported  for Drosophi[a melanogasterin  both DD  (Wheeter
et at., 1993; Tomioka et al., 1998) and  LL {Tomioka et al.,

1 998). Tomioka etaL  (1 998) suggested  that temperature cycle

torce$ the clock to move  in LL, where  the rhythm  is believed

to be stopped  at constant temperature.

   At 250C, in the onion  fly, Delia antiqua,  the phase of loco-

motor  actMty  in LD cycles  (NvRL) occurs  progressively later with

age  and  the free-running period (T) in DD  also  changes  with

age,  being shorter  than 24 hr until 14-20 days after adult
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eclosion  but thereafter longer than 24 hr (Watari and  Arai,
1997, 1998, 1999). Watari and  Arai (1997) hypothesized that

the age  dependent change  of NJRL in D. antiqua  is attributable

to the increase in T. In the present study,  the hypothesis was

examined  by investigating the vRL at a  low temperature  (200C)
where  the T significantly differed from that at 250C. 1 also

investigated the entrainability of the locomotor activity rhythm

to temperature cycles  and  the age  dependent change  of  the

acrophase  under  the temperature  cycles  in both DD  and  LL,

MATERIALS  AND  METHODS

lnsects

   A stock culture of D. antiqua  was  origina"y  supp1ied  by Hokkaido
PreiecturalCentralAgriculturalExperimentStatienin1981,andthere-

after maintained  in the Iaboratory by rearing larvae on fresh slices of
onion,  Experimental larvae were  reared  in continuous  light (LL) at
250C. Oniy males  were  used  for activity recording.

Recording of  locomotor activity

   All pupae were  maintained  in LL at 25"C  unti1 adult eclosion.

Within a day after eclosion, t1ies we  re transterred to an  activity  cham-

ber (Watari and  Arai, 1997). The  locomotor  activity  rhyihm  was

recorded  indMdually in a  monitoring system  comprised  ot  an  activity

chamber(plastictubeof3.5x6cm)flankedwithaninfrared-lightemit-

ter and  a detector (GT-1, Takenaka Electronic lndustrial Co. Ltd.).

When  the insect crossed  the infrared beam, a  signal  wa$  fed to a

computer  {NEC, PC88) that counted  movements  in each  6 min  bin. A

bottle (3.2× 6 cm)  of sugar  (about 13%) solution  plugged with  cotton

wool  was  connected  to the activity chamber  as  a  source  of food and

water. Locomotor activities of  six  individuals were  recorded  concur-

rently  under  controlled  lighting regimens  (1O W  fluorescent lamp giv-
ing more  than 400 lx to the fly on  the cage  floor}.
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   ln LD  cycles  at  200C, the major  peak of activity  (QA) occurring

during the daytime (see Results) was  determined by fitting a  cosine

curve  to the  activity counts  from 3 hr after  lights-on to lights-off (the
period of major  activity) and  shown  as  the time  (hours) before dusk

(WatariandArai,1997).lntemperaturecycles(12hr250C/t2hr200C)
in both DD and  LL, the activity peak was  determined by titting a

cosine  cu rve  to the activity counts  each  day because the activity pat-
tern was  different from that in LD cycies {see Results), As the longev-
ity varied  among  individuals and  a few cycles were  necessary  for
entrainment  to LD  conditions after eclosion,  thA was  calculated  from
days 3 to 30 for flies that gave records  tor more  than 30 days after
eclosion.  The  activity  peak in temperature  cycles  was  also  calculated

irom days 3 to 30. T was  estimated  by the least-squares spectrum

(Tanakadate et  al., 1991). The mean  i was  calculated, based on the
data fordays 2 to 30 after  the LL-to-DD transition on  the day ot eclo-
sion,  Arrhythmjcity was  judged by  a chi-square  periodogram
(Tanakadate etal.,  1991) and  if peaks of the  pefiodogram appeared
below the O,05 confidence  level, the fly was  designated  as  arrhyth-

mic. Data at 25CC {Watari and  Arai, 1997) were  cited for comparison.

RESULTS

Effect of  low temperature  on  locomotor activity

   Fig, 1 shews  a  typical locomotor activity record  at LD  12:12
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Fig, 1. Example of double-plotted locomotor activity  rhythm  in D.
antiqua  in LD  12:12 at 200C. Open  and  solid  bars at  the top indicate
thephotoperiod,
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Fig. 2. Changes in OA (upper panel) and  activity level (lower panel)
in D. antiqua  with  age  in LD  12:12  at 25OC  (data from  Watari  and  Arai,
1997)  and  200C.  OA is shown  as  the time (hr) before dusk. Circles,
means  of  QA and  activity level at 250C.  Squares, means  ot QA and
activity level at 200C. Regression lines for OA are  Y=-O.024X+3.971
(d.f.=361) at 250C and  Y=-O,Ol9X+4,839 {d.f.=251> at  20"C,  both

significant  at P<O.Ol. Regression lines fof activity level after day 8
are  Y=-20.3X+845.7, (d.f.=298) at 25eC  and  Y=-33,6×+1443.2

(d,f,=206) at 200C, both significant at P<O,Ol , Vertical lines indicate
standard  errors.

and  200C. Adults of D, antiqua  showed  trimedal activity pat-
terns with  major  and  light-on and  iight-off peaks. The  major

peak (¢ A) was  significantly delayed with  age  (P <O.Ol  , regres-

sion  analysis)  (Fig. 2, upper  panel) as  at 25eC (Watari and

Arai, 1997). However, the epA at 200C advanced  as  compared

with  that at 25eC throughout the adultis  Iife and  the two

regression  slopes  were  not signiticantly different (P>O.1, F

test for comparison  of regressjon  slopes).  The  activity level at

200C was  higher than that at 25eC  from 1 week  after eclosion

(Fig. 2, lower panel}, The  lowering of  activity  Ievel with  age

was  stati$ticallysignificant at 200C (P< O.Ol , regression  analy-

sis) as  at 250C.

Free-running rhythm  in DD  and  LL at different tempera-

tures

   Fig. 3 shows  a  typical locomotor activity record  of D.
antiqua  in DD  at 200C. The free-running rhythm  varied  with
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Fig. 3. Example of change  in free-running rhythm  in DD  at 200C  in

D. antiqua adults transferred soon  after eclosion  from LL.
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Fig, 4. Change in T (upper panel) and  activity  levei (lower panel) in
DD  at 25eC {data from Watari and  Arai, 1997) and  200C in D. antiqua
adults  transferred soon  after  eclosien  from LL. Circles, means  of T

and  actMty  level at 250C. Squares, means  of T and  activity level at

200C. Regression lines for T (Y, h) on  time (X, days) are

Y=O,070 ×+22.231  (d.f.=4B3) at 250C  and  Y=O.07BX+21.327

(d.t.=372) at  20"C, both significant at P<O.Ol. Regression lines for

activity  level are Y.11,6X+578,O,  (d,f.=492) at  250C  and  Y=-

7.7X+356,O (d.f.=372) at 20"C, both significant at P<O,Ol. Venical
Iines indicate standard  errors.

age  as  in DD  at 250C  (Watari and  Arai, 1997); T was  shorter

than 22 hr until  day  19 after eclosion,  became  closer  to 24  hr

between days 20 and  27  and  increased further to ca. 26  hr

between days 28 and  39. Similar tendencies were  observed

in other  tlies (Fig. 4). The  increase in T with  age  was  statisti-

cally significant at 200C a$  at 250C (P< O.O1 , regression  analy-

sis).At200C,however,Twasshorterthanthatat250Cthrough-

out the adult's life and  the two regression  slopes  were  not

significantly different (P>O.1 , Ftest). The activity level at 20eC

was  lower than that at 25eC  from soon  after eclosion  (Fig, 4,
lower panel). The  lowering of activity level with  age  was  sta-

tistically signiticant at 20eC  (P<O.Ol , regression  analysis)  as

at 25eC.

   To  confirm  whether  the actMty  rhythm  controlled  by the

circadian  oscillation perslsted in LL or  not, flies were  trans-

ferred to LL from LD 12:12 at day 8 after eclosion  at 25"C

(n=9) and  20"C <n=5). Examples of the activity are  given in
Fig, 5, ln LL, the locomotor activities were  arrhythmic  and

became  rhythmic  aftertranster  to DD  at day 23  after eclosion

at both 25 and  20eC. All other  flies] activities in LL  were  also

arrhythmic  at both 25 and  20eC.

Effect of temperature  cycles  on  locometor activity in DD
and  LL

   To determine whether  or not  D, antiqua  can  be entrained
to temperature  cycles,  the lecomotor  actMty  rhythm  was

recorded  under  a temperature  cycle  consisting  of 12 hr high

(H, 250C) and  12 hr low (L, 200C) (HLI2:12). Fig. 6A shows  a

typical locomotor activity record  of  D. antiqua  in HL12:12  and

DD. The locomotor activity rhythm  appeared  soon  after tem-

perature rise unti1 day 12 after eclosion  and thereafter occurred

progressively later with age  (P<O.Ol, regression  analysjs).

Similar tendencies  were  also  observed  in other  tlies; the

activity peak delayed with  age  (P<O.Ol, regression  analysis)

<Fig. 7). In LL, the lecomotor activity rhythm  clearly  synchro-
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Fig. 5. Examples of locomotoractivity  rhythm  in D. antiqua in LL at 25'C (A) and  20"C (B). Flies were  transfeFred to LL from LD  12:12 at  day 8
after  eclo$ion  and  were  transferred to DD at day 23.

nized  wjth  HLri2:ri 2; it was  fixed to the late part of H phase
throughout the adult's life (Fig, 6B), On the whole  (n=7), the

activity peak delayed with  age  (P< O.Ol , regression  analysis)

(Fig, 7) but the regression  slope  was  smailer  than that in DD

<P<O.Ol, Mest  for comparison  of regression  slopes).

Ettect of  combination  ot photoperiod and  thermoperiod

   lt has  been  shown  that light-active animals  mostly  $how

warm-phase  activity  and  dark-active animals  cool-phase

activity {Aschoff, 1 960). To confirm  relative importance of pho-
toperiod and  thermoperiod in D. antiqua,  LD 12:12 was  com-

bined with  HL 12:12 in which  a temperature drop from 25 to
200C was  coincided  with light-on (Fig, 8), All the flies <n=6)
showed  the $imilar activity pattern as  that in LDI2:12 at con-
stant  temperatures (Fig, 1); they showed  a diurnal activity.

DISCUSSION

   Aschoff (1979) stated  that since  the pha$e of locomotor
activity in LD  cycles  (yJRL) depend$  on  T, a  change  of T due to
change  in ambient  temperature is Iikely to affect yiRL. When
the ambient  temperature was  low (200C) in LD  cycles,  Delia
antiqua  showed  the same  activity pattern as  that at 25eC; the
flies showed  trimodal activity pattern with  major  and  light-on
and  light-off peaks {Fig. 1) and  the major  peak (OA) deiayed
with  age  (Fig. 2). Furthermore, tpA at 200C  advanced  as  com-

pared with that at 25eC throughout the aduit's life (Fig, 2).
These results  are  consistent  with  the above  Ascheff's state-

ment,  because T in DD  at 200C wa$  shorterthan  that at 250C

<Fig, 4). However, his statement  that most  diurnal species
shorten  T  with  rising temperature  {Aschoff, 1979) is not  sup-

ported in the present study,

   ln Drosophila melanogaster,  wild type and  arrhythmic

mutant  pere flies were  entrained to 24-hr temperature cycles
in DD,  while  short  period mutant  perS and  long period mutant

pe"  flies free-ran under  the same  conditions,  suggesting  that

a  24 hr period can  be outside  of their Iimits ot entrajnment

because of the large period difference between  the experi-

mental  and  their own  endogenous  periods (Tomioka et aL,

1998). In DD, the locomotor activity of D. antiqua  was

entrained  to temperature  cycles  and  the activity  mainly

occurred  in the high temperature phase {Figs. 6 and  7). The

delay of activity peak with  age  is probably caused  by the
change  in T with age  and  the 24 hr period length (HLI2:12)
may  be  within  the limit of  entrainment  throughout the adult's
life.

   In LL, all strains of D. melanogasterwere  entrained  to

temperature cycles  in which  they were  arrhythmic  at constant

temperatures  (Tomioka et al., 1998), Judging from recent
molecular  biological studies  in D. melanogaster(Price  et aJ.,

1995; Lee et al., 1996; Myers et aL, 1996), Tomioka et al.

(1998) suggested  that in LL, temperature  cycles may  force
the autoreguiatory  feedback  system  of per to work  threugh
some  unknown  process. In D. antiqua,  the locomotor activity
in LL became  arrhythmic at a constant temperature (Fjg, 5)
but was  entrained  to temperature cycles  (Fig, 6), Furthermore,
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Fig, 6. Examples of locomotoractivity rhythm  in D, antiqua  in temperature  cycle  of 12 hr high temperature  (250C; EiffZ) and  12hr  low tempera-

ture {200C; INI} in DD  {A) and  LL  (B). Lefi panels: actograph  records.  Right panels: change  in the activity  peak with  age  in DD  (solid squares)

and  LL (open squares}. Regression of  the activity  peak (Y) on  time (X, days) in DD  is Y=O.234X+"  .404 (d.f,=27, P<O.Ol).
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the activity peak in the late part ot H phase delayed with  age

although  the delay in LL was  smaller  than that in DD  (Fjg, 7),
suggesting  that the entrainment  of activity to the temperature

cycle  may  be somewhat  dependent on  the length of T, Also in
D, antiqua,  therefore, temperature  cycles  in LL may  act  on

the locomotor activity by forcing an  oscillator to precess. In
thecrickets feleogryllus commodus(Rence  and  Loher, t975),

Grytlodes sigiltatus (Abe et al., 1997) and  the cockroach

Leucqphaea  maderae{Page,  1 985), it has  been reported  that
the activity rhythm  may  be driven by a temperature-sensitive
secondary  oscillator, located outside  the optic lobes which
believed to be the locus of the circadian  pacemaker, that can
be forced to precess by temperature cycles.  In D. antiqua,
further research  is necessary  to clarify whether  or not the

entrainment  of actjvity to the temperature  cycle  in LL is con-
trolled by the temperature-sensitive secondary  oscillator,

   ln D. metanogaste4  it was  suggested  that temperature
and  light cooperate  to suppress  the activity in one  phase and
induce  activity in the ether phase; at warmer  temperatures
the flies tend to be more  active  in the dark phase, while  at

cooler  temperatures  in the light phase (Tomioka etal., 1 998).

However, D. antiqua  showed  diurnal activities at both 20  and

25eC {Fig. 1), although  the activity level at 200C  was  higher

"

-
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iill[jlllllllllli
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              Tjme

Fig. 8. Example of  double-plotted locomotor activity  rhythm  in D.
antiqua  in the cycle of 12 hr cool  (200C: k\:esil) Iight and  12 hr warm

(250C; D)  dark , Open  and  solid  bars at the top indicate the photo-
period.

than that at 250C  in LD  12:12 (Fig, 2), Furthermore, in cycles

of  12 hr cool  (200C) light and  12 hr warm  (250C) dark, the fly

showed  a  similar diurnal activity pattern to that in LD 12:12 at
a  constant  temperature (Fig. 8). These results suggest  that in
D. antiqua,  LD cycle  can  induce the locomotor activity in the

photophase regardless  of the ambient  temperature  and  is a
stronger  zeitgeber  than a temperature  cycle  to entrain the
locomotor activity. However, the amplitude  of temperature
cycle  may  be  important to entrain  the locomotor activity. In G
sigillatus (Abe et aL, 1997), for example,  although  the loco-
motor  activity of crickets  with  their optic  lobes bilaterally
removed  were  rhythmic  in the temperature cycle  with  an

amplitude  of 30C [HL 12 (280C):12 {250C)] in DD, they turned

to be arrhythmic  in the cycle  with  an  amplitude  of 1 eC  [HL 12
(260C):12 {250C)] in DD.  Further research  in another  tempera-

ture cycle  in which  cryophase  is lower (e.g. 15 or  10eC) is

necessary  to confirm  this in D. antiqua.

NII-Electronic  



The Zoological Society of Japan

NII-Electronic Library Service

The  ZoologicalSociety  of  Japan

Locomotor Rhythm  in the Onion Fly 1245

ACKNOWLEDGMENTS

   1 would  like to thank Dr, Sinzo Masaki for critical reading  and

improving the  manuscript.  1 also  acknowledge  Dr. Toru Shimizu for

providing computer  program and  two anonymous  referees  for useful
comments  .

REFERENCES

AbeY,UshjrogawaH,TomiokaK(1997>CircadianIocomotorrhythm

   ot the cricket Gt)rffodes sigitlatus. 1, Localization ot the pacemaker
   and  the photoreceptor. Zool Sci 14: 719-727
Aschoff J (1 960) Exogenous and  endogenous  components  on circa-

   djan rhythm. Cold Spring Harbor Symp Quant Biol 25: 11-28
Aschoff J (1979) Circadian rhythms:  1nfluences of internai and  exter-

   nal factors on  the period measured  in constant  conditions. Z
   Tierpsychoi 49: 225-249
Aschoff J (1981) Freerunning  and  entrained circadian rhythms,  ln

   
"Handbook

 of Behavioral Neurobiology, vol. 4. Biological

   Rhythms" Ed by J Aschoff, Plenum Press, New  York, pp 81 -93

Chiba Y, Kubota M, Nakamura  Y (1982) Differential effects  of  tem-

   pe rature  upon  evening  and  morning  peaks in the circadian  activ-

   ity of  mosquitoes,  Culexpipiens pafiens and  C. pipiens tnolestus.

   J lnterdiscipl Cycle Res 13: 55-60
lkeda M, Tomioka K (1993) Temperature dependency  of the circa-

   dian locemotor rhythm  in the cricket Grytlus bimacutatus, Zool
   Sci 1O: 597-604
Lee C, Parikh V, ltsukaichi T, Bae K, Edery1(1996) Resetting the

   Drosophila clock by photic regulation ot PER  and  PER-TlM  com-

   plex. Science 271: 1740-1744
Myers MP, Wager-Smith K, Rothenfluh-Hilfiker A, Young  MW  (1996}
   Light- induced degradation of TIMELESS  and  entrainment  of  the

   Drosophila  circadian clock. Science 271:  1736-1740

PageTL(1985)Circadianorganizationincockroaches:effectsoftem-

   perature cycles on  locomotor activity. J Insect Physiol 31: 235-
   242Price

 JC, Dembinska ME, Young  MW,  Roshbash  M  {1 995)  Suppres-

   sion of PERIOD protein abundance  and  circadian cycling by the
   DrosophiLa clock mutation  timeless. EMBO  J 14: 4044-4049

Rence B, Loher W  (1975) Arrhythmically singing cricket:

   thermoperiodicentrainmentafterbiobectomy.Science190:385-

   387Tanakadate

 A, Hasegawa  K, Tomioka  K, Masaki T, Chiba Y,

   Gamasawa  Y, Sagara Y  (1991) Methodology, In "Handbook

 of

   Chronobiolog)e' Ed by Chiba Y, Takahashi K, Asakura Shoten,

   Tokyo, pp 503-520  (ln Japane$e)
Tomioka K, Sakamoto  M, Harui Y, Matsumoto N, Matsumoto A  (1 998}
   Light and  temperature cooperate  to regulate the circadian Ioco-

   motor  rhythm  of wild  type period mutants  of Drosophila

   melanogasten  J lnsect Physiol 44: 587-596
Watari Y, Arai T <1997) Effects of photoperiod and  aging  on  locomo-

   toractivityrhythmsintheonionfly.Defiaantiqua.J1nsectPhysiol
   43: 567-576
Watari Y, Arai T (1998} Effect of D20 on locomotor activity rhythm  in
   the onion  fly, Defia antiqua,  Entomol Sci 1: 477-483
Watari Y, Arai T(1999) Effect oi  dim 1ight on  locomotor activity  rhythm

   in the onion  fly, Deb'a antiqua.  Zool Sci 16: 603-609
Wheeler DA, Hamblen-Coyle MJ, Dushay  MS, HallJC (1993) Behav-

   ior in light-dark cycles  of  Drosophita mutants  that are  arrhythmic,

   blind, or both. J Biol Rhythms 8: 67-94

(Received April 25, 2000f Accepted July 31 , 2000)

NII-Electronic  


