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Abstract. Eobianajaponica (formerlyllifletriopterajaponica) requires  two or  more  years  to complete

its life cycle  by entering  diapause twice in the egg  stage.  Initial diapause occurs  just after  blastoderm

formation and  the final diapause shortly  before hatching. The  initial diapause lasted for more  thaii

a  year in some  eggs,  The  percentage of  initial-diapause termination  increased on  the whole  as  the

duration of  exposure  to 3℃ increased from 15 to 6oo days, lhe  intensity of  initial diapause was

considerably  variable  among  individuals. ChMing longer than  600 days impaired the egg  viability.

Cold treatmerit  was  not  indispensable to terrninate  the initial diapause because some  er  most  eggs

resumed  development at  constant  temperatures between  15 and  300C. Repeated  exposure  to low (90
days at  1O℃  or  1gO days at 3eC) and  high ternperatures  (90 or  180 days at 25℃ ) was  more  effective

than  a  single  long cold  treatment  in terrninating  the initial diapause, and  all the eggs  resumed  .
development after  two  or  three  such  cycles.
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Introduction

  Diapause  duration in insects is a  species-specific

andlor  strain-specific  characteristic  ranging  from

several  weeks  to several  or  more  years. Most  temper-

ate  species  undergo  winter  diapause. Such  cases  of

relatively  short  diapause have been well  studied  (Lees,
1955; Danilevskii, 1965; Tauber et at,,  1986; Danks,

1987), On  the other  hand, prolonged diapause has

been poorly understood,  although  its occurrence  has

been reported  in many  species,  especially  in unpredicta-

bly changing  habitats (Ushatinskaya, 1984; Danks,

1987). The physiological basis and  genetic as well  as

environmental  factors governing  the induction, main-

tenance  and  termination of  prolonged  diapause have

been the subjeet  of  several  theoretical works  (Taka-
hashi, 1977; Walker, 1986; Sege[ &  Brockmann, l987)

 *  The scientific  name,  Eobiana J'aponica is used  for this

  species  in the present pnper  according  to Storozhenko &

  Yainasaki (1993), although  the  scie,ntifie name,  Mletriop-

  teru  japoniea has been used  previously.
i*  To  whom  all correspondence  should  be addressed.  Present

  add[ess:  Laboratory of  Entomology,  Department of  Plant

  Protection, National  Institute of  Fmit  Tree  Science, Tsu-

  kuba 305-S60S, Japan,

  E-mail:scarabee@fruit.aEfirc,go.jp

             '

and  experimental  works  (Sulliyan &  Wallace, 1967;

Ushatinskaya, l972; Hedlin et at,, 1982; Ingrisch, 1986

c).

  Most  temperate  species  of  Tettigoniidae spend  far

more  time  in the egg  stage  than  in the  other  life stages

(Hartley, 1990). In many  of  them, the  egg  stage  lasts

for more  than  a  year with  two  diapause stages  inter-

vening  at early  and  late stages  of  embryogenesis,  re-

spectively.  The  eggs  spend  the first winter  in initial

diapause at an  early  stage  of  embryonic  development

and  the second  or  later winter  in final diapause at a

later stage. Most  individuals may  hatch after the

second  winter.  Howeyer, hatching occurs  over  several

years in seme  species  because  of  the prolongation of

initial diapause, Ingrisch (1986a) has coined  the term
"plurennial"

 for such  a  life cycle.  Altheugh  the initial

diapause has been studied  to some  extent  (Hartley &

Warne,  1972; Dean  &  Hartley, 1977; Deura&  Hartley,

1982; Ingrisch, 1986a, b, c; Hartley, 1990; Ando,

1995; Higaki &  Ando,  1999), the environmental  reg-

ulation  of  this diapause  has been scarcely  understood

(Dean &  Hartley, 1977; Deura  & Hartley, 1982; Ing-

risch, 1986b, c),

  Eobianajaponica is distributed in the northern  part
of  Japan and  at high altitudes  in the  southern  part,
The altitudinal  range  ofits  distribution is wide  (Koba-
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yashi, 1981). We  have found that  E  joponica is a

pluremial species  (Higaki &  Ando, 1999). In this

paper, we  focus on  the effect of  temperature  on  the

termination  of  initial diapause to understand  the fac-
tors controlling  the prolonged diapause,

Materials and  Methods

I}tsects

  Three  strains  ofE  japonica were  mainly  used.  The

collecting  sites  and  abbreviations  for the  strains  used

are  listed in Table  1. Adults  were  collected  in the
lowland  in Hirosaki, Aomori  Prefecture, Japan  in

1992-1994; in a  bog 
"Obayachi"

 at an  altitude  of  965

m  in the Hachimantai mountains,  Akita  Pref. in 1991-

1994; and  in a  bog 
"Midagahara"

 at an  altitude of

1,4oom  in Mt.  Gassan,  Yamagata  Pref, in 1994,

Times  of  collection  were  early  September  in 1991, late

August-mid  September in 1992  and  1993, and  late

July-early September in 1994. Adults  collected  at  an

altitude  of  li-40 m  in Hachimantai  mountains  in early
August,  1993  were  also  used  for comparison.

Rearing  method

  Field-collected adults  were  reared  in groups  of  10-

30  individuals in stainless  rearing  cages  (30× 30 × 30

cm)  under  LD  14:10h  at  250C  (1992 and  1993) or

room  conditions  without  control  of  light and  temper-

ature  (1991 and  1994). Pellets ofinsect  feed (Oriental
Yeast Co. Ltd., Tokyo), wheat  germ  (Nissin Seifun
Co. Ltd., Tokyo) and  pupae  of  Mamestra brassicae

(or larvae of  71enebrio molitor)  were  provided as food,

  Table  2, Cumulative  percentage termination  of  initial diapause

     temperatures  in AO,  AKI  and  YA  strains  ofE  japonica,

A  bundle  ofIloa  annua  was  inserted into a  water  fiask

and  several  snch  ffasks were  put in each  cage  for

oviposition  and  as additional  food, and  Tefiewed  every

2-4 days.

Hdndling of eggs
  Eggs !aid arnong  stems  ofR  annua  were  removed

every  other  day and  kept en  layers of  moist  filter paper
in Petri dishes (9 cm  in diameter) and  subjected  to

different temperature  treatments. The embryogenesis

of  Tettigoniidae can  be divided into 26 stages  (Ingri-
sch,  1984). E. japonica enters  the initial diapause
when  the  embryonic  primordium  becomes visible

(Stage 4) and  final diapause when  the embryo  is
almost  fu11y forrned (Stage 24). The eggs  of  EL

japonica enter  the initial diapause, irrespective of  pa-
rental  conditions,  We  define the terminatien of  initial

diapause by  an  increase in egg  weight  due to water

absorption  as  described previously (Higaki &  Ando,

1999). Rotten  er  abnormally  swollen  eggs  were  dis-

carded,  h'e-vv'e-y'etu, thcrc isapossibility that '"'J'v' coulu"

not  exactly  distinguish dead eggs  from live ones  be-
cause  the eggs  of  E  japonica are  covered  with  black

  Table 1. The  strains  of  E, japonica used  for the present

     study.
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   (℃ )

n

Days
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Dead  eggs  were  excluded

the data  on  the 120th day.from

 computation  of  percentage  terminatien  of  initial diapause.Mortalities  were  computed  from
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1. Cumulative percentages of  iniha1-diapause' termination in AO  and  AKI  strains  at  IS, 20 and  25℃  in 1993. Dead

eggs  were  excluded.  Sample size  and  total mortalities  are  also  given in each  panel.
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thick  chorion.  The designs of  the experiments  are

mentioned  at  appropriate  places in the following sec-

tion,

Results

Tlermination of initial diapause at  constant  tempera-

tures

  Eggs 1aid within  two  days were  exposed  to various

constant  temperature  conditions,  The eggs  of  AO

strain  were  kept at 20, 25 or  30℃ ; those ofAKI  strain

at  15, 20, 25, 30 or 35℃  in 1993; and  of  YA  strain  at

10, IS, 20, 25 or  30℃ in 1994. The  eggs  ofAKI  strain

were  also  examined  at  25℃  in 1992 and  1994. Cumu-

lative percentages ofeggs  terminating the  initial diapa-

use  were  recorded  every  30 days during the first 120
days  in all  treatments.  In the treatments of  AKI

strain  at 15, 20  and  25℃ and  AO  strain  at 20 and

25eC, diapause terrnination was  recorded  until  all live

eggs  resumed  development,

  Except  for some  eggs  that resumed  development, all

the eggs  were  stM  in initial diapause  at  any  tempera-

ture on  the 30th day (Table 2). However,  after  a

longer period of  incubation, the  percentage  of  initial-

diapause  termination increased, though  an  extremely

long period was  necessary  to reactivate  all  diapause

eggs  (Fig. 1), AKI  strain  showed  a similar  tendency

among  the  three  experiments  for three successive

years (Fig. 2). At  20eC, the initial diapause was  most

rapidly  terminated. It was  also  terminated  relatively

quickly at 15eC. The  higher temperatures  were  less

effcctive in terminating the initial diapause. At 30℃ ,

the percentage of  eggs  resuming  develepment until  the

12orh day  was  41,3%  in AO  strain,  19.7%  in YA

strain  and  1.9%  in AKI  strain  (Table 2). After the

120th day at 30℃ ,
 most  of  the eggs  of  AK1  st[ain  did

not  resume  development and  the  mortality  gradually

increased, whereas  many  eggs  of  AO  and  YA  strains

resumed  cleyelopment. The Tesponse  to high tempera-

tures was  variable  among  the strains. At 3S℃ , no  eggs

resumed  developmentin AKI  strain. At 10℃ , no  eggs

of  YA  strain resumed  development eyen  after  450

days (data not  shown),  [{1iis temperature  might  be

!ower than  the developmental zero  for early  stage

lll//'j'
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development.

ELtilict c!f' chilling  on  the  termination  of initial diapause

  To  determine the optimal  range  of  chilling  temper-

atures  for the termination of  initial diapause, egg$  of

AKI  strain  laid in 1992  were  first kept at  25℃ for 30

days and  allowed  to enter  the inltial diapause, They

were  then  exposed  to 1, 3, 7,5 or  11℃  for 90 days

before being returned  to 25℃ . The  cumulative  per-

centage  ef  diapause terrnination was  determined  by

checking  the eggs  about  every  10 days,
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  No  significant  differenees were  found among  the

four temperatures  in the proponion of  initial-diapause
tenninatien after  90 days of  incubation at the ]ast

temperature  (xi-test, P=O.45; Fig. 3). The cumula-

tiye percentage of  diapause termination increased rap-

idly during the first 30 days  and  slowly  thereafter. In

all tTeatments, more  than  50%  of  the eggs  were  still in

initial diapause at the end  of  the experiment.  The

mortality  was  low in all treatments (<7%).
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Fig. 2. Cumulative  percentages  ofinitial-diapause  termi-

   nation  in AKI  strain  at  2SeC, The  figures indicate

   the years of  oviposition.  In the 1994  cohert,  the

   experiment  ended  S40  days  after  ovipo$ition.  Dead

   eggs  were  exeluded.  N=  117-201 for each  curve.
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   90 days  in AKI  strain.  Dead  eggs  were  excluded.

   N=95-98  for each  curve.
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Prolonged Diapause in Eobiana j'aponica
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Fig. S. Cumulative  pereentages of  initial-diapause termination at  2S℃  in AO,  YA  and  AKI  strains  after  chMing  at 30{] for

   various  perieds. The  eggs  of  AO  and  AKI  strains  were  laid in 1993, and  those of  YA  strain in 1994. Dead  eggs  were

   excluded.  N=117-221  for each  curve,

Tab]e  3. Percentage  terminati6n of  initial diapause at  2S℃  after  1 to  3 periods of  ehil1ing  in AKI,  AK2  and  AO  strains  of

   E  japonica

Series Strain
Periods of  chilling

n

lst 2nd 3rd

Mertality

 (%}

AB AKIAKIAK2AO 4971931702oo ",437.867,17S,O 39.962232.925.0 IS.7 6.S4.9,4.63.4

Dead  eggs  were  excluded  from computation  of  percentage  termination  of  initial diapause.

Series A: a  chilling  period of  90 days at leOC was  followed by 90-day incubation at

exceptionally  consisted  of  30 days at 10℃  and  30 days at 1℃ .
Series B: a  chi11ing  period ef  lgO days at  3eC was  fo11ewed by 180-day incubation at 25eC,

Efilict qf chilling  length on  the terminatton qf initial

diapause

  To  examine  the effect of  chilling  duration on  the

termination of  initial diapause, eggs  in the initial dia-

pause were  subjected  to 3℃ for 90, 180, 300 or  400

days in AO  strain  in 1993; for 90, 180 or  360 days  in

YA  strain  in 1994; and  fbr various  periods ranging
from 15 to 720 days in AKI  strain in 1993, The eggs

of  AO  strain  were  also  subjected  to 3eC for 90 er  180
days  and  those  of  AK1  strain  for 90, 180 br 360 days
in 1992 and  1994. After chilling,  eggs  were  trans-

ferred to 2SeC and  the nuTnber  of  eggs  resuming

development was  recorded  about  every  10 days.

  The percentage of  diapause termination clearly  in-

creased  by prolenging the  duration of  chilling  in all

the three strains  (Fig. 4). The  cumulative  percentage

of  eggs  resuming  development  showed  similar  general

patterns in eggs  chilled  for various  lengths of  time

(Fig. S), The intensity ef  initial diapause was  consid-

erably  variable  and  some  or  many  eggs  did not  resllme

development even  after  chilling  for 360 days, AKI

strain  tended  to need  longer chilling  to terminate the

25℃ . Chilling of  the first cycle

initial diapause than  AO  strain  for three  successive

years, though  the percentage of  diapause  termination

differed among  years (Fig. 4). Thus  the  eggs  derived

from the  alpine  population required  a  longer period of

chiMng  to teminate  the initial diapause  than  those

from the  lowland populatien. Although there was  no

doubt  that  chilling  for 680 and  720 days terminated

the initial diapause in many  eggs  of  AKI  strain, the

percentages of  eggs  resuming  development were  not  as

high as expected.  The  mottalities  were  low in all

treatments (<8%) except  for 680 and  720 day-

chilling  in AKI  strain  (about IS%).

ELt71ict of cycles of low and  high temperatures  on  the

termination  of initial diapause

  In the above  experiments,  many  eggs  resumed  de-

velopment  after  a  long period of  chilling. In nature,

however, eggs  in initial diapause are  subjected  to a

seasonal  cycle  of  cold  and  warm  periods. We  ex-

amined  the effect of  cyclical  treatment  with  low  and

high temperatures  on  the termination  of  initial diapa-

use  in AO,  AKI  and  AK2  strains  (Table 3), Eggs in
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from the  highest altitude  <AKI).

Discussion

  The  mechanism  controlling  prolonged diapause has

been poorly understood,  although  many  examples  of

prolonged diapause have been reported  (Ushatinsk-
aya,  19g4; Danks, 19g7). In most  species,  many

lndividuals emerge  after one  year and  fewer individu-
als remain  in diapause for twe  or more  years. Prolo-

nged  diapause may  be controlled  mainly  by genetic
factors, and  partly by enyirenmental  cues  (Danks,
1987), For  example,  temperature, humidity and  day-

length modify  the expression  of  prolonged  diapause in

some  species  (Sullivan &  Wallace, 1967; Ushatinsk-
aya,  1972; Hedlin  et  aL,  1982; Ingrisch, 1986c).

  In plurennial species  of  tettigoniid, eggs  in pro-
longed  diapause  resurne  development  gradually thr-
ough  repeated  seasona]  cycles.  Temperature  and  moi-

sture  are  probably  important  seasonal  cues  fer the

eggs  in soil  (Dean &  Hartley, 1977; Ingrisch, 19S6c;

Ando,  1995). There  might  be a mechanism  for coun-
ting  the seasonal  cycles,  or  the variation  in intrinsic
diapause intensity among  individuals might  cause  scat-

tering of  diapause termination  for several  years.

  Dean  &  Hartley (1977) reported  that  in Ephippiger
ephijzpiger (formerTy EPhmpiger  cntciger),  one  month

of  cooling  was  just as  effective  as three  months  in the

percentage  of  eggs  that  would  start to develop at high
temperature.  They  concluded  that cooling  for lenger

periods does  not  increase the number  of  eggs  which

subsequently  start  to develop. On  the ether  hand, the
results  of  the present study  regarding  cold  treatments

showed  that  in Eobiana  Japonica, the  rate  of  diapause

termination  was  generally proportional to the  length

of  chMing  and  that  the  intensity ofinitial  diapause was

strikingly  variable  among  indiyiduals (Figs. 4 &  S). A
longer period ofchMing  was  required  to terminate the

initial diapause of  the strains from a higher altitude,
Large variance  in the chllling  requirement  was  also

reported  in Pieris napi  microstn'ata  (Shapiro, 1979),
In this butterfiy, some  individuals spent  more  than  a

year  in pupal stage  and  the necessary  duration of

chMing  to terminate diapause varied  from 5 weeks  to

more  than  79  weeks.

  Many  eggs  of  E, jtrponica could  terminate the  initial
diapause after  a long chilling  (Fig. 4). In AKI  eggs

laid in 1993, hewever, the percentage  of  diapause
termination  reached  the maximum  after  S60 day-
chilling  and  decreased after  the  IQnger chi11ing. Chill.
ing for 680 and  720  days seemed  to cause  many  eggs  to

Iose the ability ofdevelopment･  Tlie low percentage of

1

Fig.

  D 50 100 150 18D
                          O 50

         Days  of incubation at 2s"C

6. Cumulative percentage  termination  of  initial dia-

pause  in AO,  AKI  and  AK2  strains  at 2S℃ after

chilling  at  3℃  for 180 days, On  the  18cth day at

25℃ ,
 the  eggs  still in irritial diapause were  again

exposed  te the same  cold  treatment  and  then

warmed  again  at 25℃ . Dead  eggs  were  excluded.

Sample size  is given in Table 3.

 the initial diapause  were  subjeeted  to cycles  of  10℃

 for 90  days  and  2S℃  fbr 90  days  in Series A  and  cycles

'
 of  3℃  for 180 days  and  25℃  for 180 days  in Series B.

 Cold  period of  the  first cycle  in Series A  exceptionally

 consisted  of30  days  at  1OOC and  30  days  at  1OC. Series

 A  and  B  started  in 1991 and  1993, respectively.  The

 eggs  terminating  the  initial diapause  until  the  90th day

 after  transfer to 25℃  were  counted  in Series A. In

 Series B, those terminating the initial diapause  at  25eC

 were  counted  every  10-20  days for six months.  The

 eggs  which  were  still in initial diapause  were  again

 exposed  to the  same  incubation  cycle  as  before and

 this treatrnent  was  repeated  until  all  the  eggs  resumed

 development.

   In Series B, the percentage of  diapause termination

 1gO days after  the first period of  chilling  was  signific-

 antly  ditferent among  the three strains  (x2-test, P<

 O.OOI; Table 3). The eggs  rernaining  in the initial

 diapause after  the first period of  chilling  were  consld-

 ered  to be in prolonged  diapause. The  cumulative

 perceritage of  diapause termination rapidly  increased

 during  the  first 40  days  (Fig 6). The  second  peak  of

 development  occurred  after  the second  period of  chill-

 ing. Three  cycles  ofchilling  and  warming  were  requi-

 red  to terminate the initial diapause in all the eggs  in

 Series A  and  two  cycles  in Series B  (Table 3). The

 mortality  was  low in all treatments.  Eggs  derived

 from the  two  lower  altitudes  (AO and  AK2)  tended  to

 terminate  the inltial diapause more  rapidly  than  those
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P[olonged Diapause in Eobiana japonica

diapause termination  in these treatments might  be

caused  by  an  increase of  such  eggs  which  appeared

heaithy, but never  absorbed  water.  Thus viability

appears  to be reduced  by  excessiyely  long chilling.

  The  percentage  of  diapause  termination reached

100%  after  three cycles  of  cold  and  wafm  periods in

Series A  and  two  cycles  in Series B (Table 3). In other
words,  all the eggs  resumed  development after  chilling

fora total ef  240 or  360 days in these treatments. A
continuous  chilling  for 360 days was  insufficient to

terminate the initial diapause in AKI,  though  most

eggs  terminated  the initial diapause in the eggs  laid in
1992 (Fig, 4). Thus,  the  initial diapause in E. jmp' onica

is terminated  more  efft:ctiyely  by a  combination  of

cold  and  warm  treatments than  by  a  single  long cold

treatment, It is possible that eggs  which  are  not

reactivated  in short  time at low temperature  need  to be
`primed'

 by exposure  to a  higher temperature  before
they are  able  to complete  diapause development  on

subsequent  exposure  to low temperature  (Dean &
Hartley, 1977),

  Eggs of  E, japonica derived from lower altitudes
tended  to terminate the initial diapause more  rapidly

than those from higher altitudes  (Figs. 4, 5 &  6). This
suggests  that the incidence of  prolonged diapause is
higher in the  population from higher altitude,  Our
field observations  suggest  that yearly fiuctuations of

weather  conditions  tend to affect  the life cycle  of

alpine  populations more  severely  than that oflowland

(Higaki &  Ando,  1999). For  exarnple,  cool  summer

or  short  hours  of  sunshine  seems  to cause  failure to

complete  nymphal  development  and  egg  production  at

high altitudes. Thus, the  risk  of  extinction  or  a  sharp

reduction  in population  size  would  be higher in popu-
lations at higher altitudes. Therefore, the prolonged

initial diapause could  be a bet-hedging strategy  against

unpredictable  adversity  caused  by climatic  conditions.

  On the other  hand, the three strains  from different
altitude$,  showed  similar  patterns of  response  to high

and  low temperature  cycles,  i,e, the cumulative  per-
centage  ofdiapause  teTmination rapidly  increased only

during the  first 40 days at 25℃  after  the  first or second

chilling  <Fig. 6), This fact may  suggest  that in the

field, some  eggs  in initial diapause resume  develop-

ment  synchronously  within  a  short  period after the

first overwintering  but the  rest  do not  do so  until after

a  second  or  third overwintering.  Such synchronous

resumption  of  development in the spring  would  facjli-

tate their  successfu1  development to the final-diapause

stage  before winter  in cold  regions  where  the growing

season  is short.

  In E  jqponica, chi11ing  is not  always  necessary  to

22S

terminate the initial diapause (Table 2, Fig. 1). Rapid
diapause termination at  20℃ suggests  the  possibility
that eggs  laid early  in the  season  untimely  develop
beyond the  initial diapause stage.  Although  adults  of

this species  usually  begin  to lay eggs  in August  in
Hirosaki, eggs  are  occasienally  deposited in July in

some  years (Higaki &  Ando, 1999), We  found that
sueh  eggs  developed  beyond  the initial-diapause stage,

spent  the first winter  at a  stage  earlier  than  the final-

diapause stage  and  hatched in the second  year without
entering  final diapause (Higaki &  Ando, 1999).

  The  present study  showed  that temperature  has an
important role  in the termination of  initial diapause  in

E. j'aponica, The initial diapause can  be terminated  by
long chilling  or  constant  temperature,  but has its
unique  character  to be terminated  effectively  by  cycl-

ical temperature treatment,
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