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  Abstract Ceratina J'aponica is a  uniyoltjne  and  basical]y solitary  bee, but it can

occaslonal]y  fo[m semisocial  or  delayed eusociat  colonies.  For this species  the
artMciaJ  termination  of  reproductive  diapause within  the active  season  seems  neces-

sary  to induce the non-delayed  eusociality, the life mode  common  to al] temperate

social insects. In this $tudy  the po$sibility ef  diapause termination  was  tested  by

two  standard  methods,  cooling  pre-hibernating adult  females (also for an  aliied

specie$,  C. Il7vipes) and  topical  application  ofjuvenile  hormone analog  (JHA) to
prepupae  and  pupae, The rate  of  termination rises  over  50%  by cooling  at  5-8eC
for 3-4 menths,  However, this method  is too  time-consuming  to match  with  the
univo]tine  Life cycleof  CJ'aponiea and  JHA  application  is the onry  known  possibitity
te induce non-delayed  eusocia]ity  in this species, in spite of  its low rate  of  diapause
termination, only  35%  by our  procedure.

 Keywords:  Ckratina bees, non-delayed  eusocia{ity,  diapause termination,

ceoling,  juvejle hormone  analog.

                             Introduction

    Cei'atina (Ceratinidia) Joponica CocKERELL is a  Japanese xylocopine  bee distrib-
uted  from Hokkaido  to Kyushu  and  univoltine  everywhere.  It is basically a solitary

species, but we  were  able  to induce multiple  fiemale (mostly 2 9 9) colonies  with  a

rudimentary  caste system,  and  found also  some  such  colonies  in natural  populations
(SAKAGAMJ &  MAETA, 1985). These  celonies  are  mostly  formed among  females
that overwintered  in the natal  nests  and  are  usually  semisocial  (associations among

   l) Present address:  Fukuyama  Extensien OMce  of  AgricuLture, Fukuyama,  Hiroshima,  720
japan.

   2) Present address:  Mizushima Branch, Hiroshima  Substation, Kobe  Quarantine Station,
Kurashiki, 712 Japan.
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sisters), but some  are  delayed  eusocjal  (associations between the  mother  and  her old,

post-hibernating daughters). No  colonies  were  non-delayed  eusocial  (associations
between the mother  and  her pre-hibernating daughters that  emerged  in early

summer),  which  is tbe life mede  eommon  to most,  if not  all, temperate  social  in-
sects.  This  is understandable  because the  univoltine  life cycle  of  C. J'aponica does

not  permit the insertion of  a non-delayed  eusocial  period.

    However, the foundress of  this species  can  start  oviposition  again,  when  de-

prived of  the early  brood immatures. We  were  able to produce  5 stepmother/

stepdaughter  colonies  and  5 colonies  of mothers  and  their own  daughters. The

growth of  fernale immatures was  accelerated  by warrning  at 320C and  returning  them

into the natal nests  when  the mothers  started  second  oviposition  periods, The  ex-

periments for induction of  non-delayed  eusociality  by this procedure  were  futile,

because the daughters did not  forage for larval food as do  the daughter workers  of

all real  eusocial  bees. Mothers performed again  both foraging and  laying activities.

Daughters, instead, mechanically  disturbed the  mothers'  work  by their presence in

nests  (SAKAGAMI &  MAETA,  1989),

    This failure was  possibly･ because the daughters were  under  the reproducti've

diapause until  the  next  spring.  To  test this inference we  repeated  the same  experi-

rpents  with  a consubgener,'  C. (C,) okinaivana  MATsuMuRA  et  UcHiDA. This species

is also  basically solitaTy  but produces occasional  multifemale  colenies,  and  the

mothers  can  rear  a second  brood, often  even  in the presence of  the juyenile adults

of  the first brood. Furthermore, thjs species  is multivoltine  (OKAzAKi, 1987, up  to

3 generations per year) and  females of  the first and  second  generations can  start

brood rearing  within  the active  season,  i. e., without  intervention of  reproductive

diapause. Combining the mother  and  her daughters, we  obtained  5 successfu1  non-

delayed eusocial  colonies  (]ater 6 additional  ones),  and  also  confirmed  the com-

patibility of  solitary  nests  and  non-delayed  eusociat  colonies  in a natural  population,

for the first time  in the bees (SAKAGAMI &  MAETA,  1989):

    Encouraged by these  results,  which  fayor eur  inference mentioned  above,  we

attempted  to induce non-delayed  eusocial  colonies  in C. J'aponica by  artificial  termi-

natien  of  diapause. This first report  describes the  re$ults  of  diapause termination

by the two  standard  methods,  cooling  and  JHA  application.  Prior to this work

we  had also  tried to terminate the diapause in C, .fidvipes SMITH, a  consubgener

with  similar  life cycle  (SAKAGAMT &  MAETA, 1977) but almost  completely  selitary

(SAKAGAbfl &  MAETA,  1987). These results are  incerporated in this paper.

Methods

    All Japanese bees for which  diapause had so  far been artificially terminated

ove[wintered  as prepupae or  adults  in the natal  cells  (Andrenidae, Megachilidae  and

Anthophorinae), unlike  Ceratina which  everwintered  as  adults  that at least once  had

departed from nests  for selfifeeding.  Their diapause was  terminated after  about  3
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                  Fig. 1. Rearing  apparatus  of  Ceratina bees.

months  cooling  (MAETA, unpub.).  This experience  became  a  guide for our  work,

Below, the cooling  means  the maintenanee  of  diapausing adult  females at  ternper-

atures  lower than  the minimum  temperature  necessary  to start the flight activity  by
the  2 Ceratina species  (± 170C).

1. Diapause termination  in C. fiavipes by cooling  under  constant  teimperatures

    In both species only  adults  whe  took  suMcient  food can  resist  cooling.'  Heme.e,
the treatment  must  be made  from tate October onward,  which  corresponds  to the

pre-winter djspersal period (P,) in the life cycle  (SAKAGAMi &  MAETA,  1985),

    Experiments  were  made  in 1986 and  1987 with  bees collected  on  Mt, Sanbe
near  Matsue. Cooling was  started  on  14 November, l986 and  23-26 October, 1987.
Juvenile post-feeding adults  were  exposed  to 

-1,
 2, 5, 8, 11, l4 and  170C  during 1-

4 months  in the darkness, then  warmcd  at  240C  for 30 days under  either  long day

(16L:8D) or  short  day (8L: 16D)  regimes.  At cooling  about  10 females were  put
in old  nest  tubes  excavated  in pithy stems  ofRubuspalmatus  var. coptophylhts.  The

entrances  were  closed  with  cotton  plugs. At  warmjng  these bees were  transferred

to a  petri-dish (9 cm,  height 2 crn)  provided with  a  corrugated  cardbord  as  shelter,

and  a  glass tube  fi11ed with  diluted honey  (± 35 %) and  some  pollen loads of  honey-

bees as  food (Fig, 1). About  20 adult  females (10-30) were  used  for each  trial.

After the above  coolingfwarming  treatments, bees were  dissected and  the ovaries

were  fixed with  CARNoy's fluid and  stained  with  carbol-thionjne  (G6uKoN et  al.,

l987),

   In this and  the  next  2 experiments,  the termination of  diapause was  determined

b
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by examining  the stages  of  the oldest  (=basalmost) oocyte  in each  ef  8 ovarioles

(KuRiHARA et al., 1980). Bees vvhich  have only  oocytes  of  previtellogenic stage

(=I) or  those  degenerated from  I (=I') were  considered  to be stiJl in the  diapausing

state.  Bees with  vitellogenic  or  mature  oocytes  (=II, III) or  those degenerated

from II and  III (=II', III') were  regarded  as  in the diapause terminated state.

2. Diapause  termination  in C, japonica by cooling  with  doily warming

    The  seasonal  sequence  of  the life cycle  in C. iaponiea is similar  to that of  C.

.,17avipes (SAKAGAMI &  MAETA, 1977). To  realize  earlier  termination of  diapause for

our  purpose, the  formation of  non-delayed  eusociality,  we  inserted warming  hours

daily through  thc cooling  period.

    In 1989, the bees collected  in Sendai, northern  Japan, where  this species  is com-

moner  than  in southern  Japan, were  reared  in Matsue since the previous year. On

 1 1 May  and  3-4 June, 1990, immatures were  Temoved  from nests  and  reared  at  28"C

in order  to acceler4te  their deyelopment. The  females which  emerged  were  fed

with  diluted honey and  pollen under  the  28eC and  16L: 8D  regime  for 5 days.

Then, they were  cooled  for 2, 3 or  4 months  under  the 10eC and  16L (0600-2200):
8D  (2200-0600) regime,  but warming  at  28eC for 4 hours (0900-1300) was  inserted

during the long-day period. The  bees were  allowed  to  take  food freely at  280C.

 Finally, the bees were  reared  for 10 days at  280C  before examining  the ovarian  states.

 3. Diopause  termination  in C.japonica by JHA  application

    Prepupae and  young pupae before attaining  fully-pigmented eyes  were  taken

 on  7-30 May, l989 from the nests  kept in a  greenhouse, The  juvenile hormene

 analog  (SuMiToMo Chemical Co, Ltd,, S-311g3) was  diluted with  acetone  and

 smeared-topically  on  the upper  surfaces  of  head and  thorax of  the prepupae  and

 pupae, The  doses testcd  are  shown  in Fig. 2. For  each  dose 5-20 individuals

 (x=12) were  used  and  for each  individuat 1 pa1 wa$  smeared  with  a  microcap  glass

 tube. The  treated individuals were  put in a small  via[  (inner diameter 7mm,

 height 3.5 mm)  placed in a  plastic case,  and  kept at 280C, 75%  R. H, (adjusted by

 super-saturated  NaCl  solution)  and  16L: 8D  photoperied, Adults which  emerged

 were  reared  as  were  post-cooling bees, fed w,ith  diluted honey and  pollen for 14

 days, unti]  the examination  of  ovarian  states.

                               Results

   Table 1 shows  the  results  of  cooling  experiments  on  C, .flavipes, The photo-

periodic ,effect on  the diapausc termination is unknown,  because the cooling  in all

trials was  under  constant  darkness. However, it is certain that the thermal con-

ditions played a  rnajoT  role  in diapause termination. The post-diapause adults

with  mature  basal oocytes  were  obtained  only  by ceolings  at ternperatures  betow

170C. Thc sudden  decrease of  the termination rate  at  -10C  suggests  that the



The Entomological Society of Japan

NII-Electronic Library Service

The 　Entomologioal 　Sooiety 　of 　Japan

207Non −delayeCl　Eusociality　jn（Jeratina／aponica 　1

（
1．

OO
一
）

（同．
一
刷

、
O．
9
）

m ．
O

貫
り

、
O ．
◎
ゆ．
り

（
O．
9
、

O
）

O

OQO

　卩
』

£

卜

oo2

門
ー

　

　（
O
．

O，
n

こ

（
α ．
6 ・

．
斡 ，
“ 5

⇔

ooooT

−一．　一．

（
O
、阿．

a
）

O ．
い
゜ っ

（
『
一 ．
軌

冨，
ま

（
卜

φ
、

eO
．

°。
卜

（
O
．

【 ・、
斡）
卜 ，
め

゜。

　

（
O
．

O
）

O ．
鴇

δ

げ．
【・

）

卜 ．
ヨ

OO
【

』
αO

O
α9

　

藁
O［．

丶ウ oCO　OQ
σ丶 σ丶
一 樋

N

（
O 、
O ．
9
）

8開

（
O
．

° 。，
°。

ご

O ．
ま

ε，
9
”

O

訂．
d
卜

（
O
．

O，
り

）

い．
ひ
゜ 。

（

O ．
寸．
巴

　
02

（
O．
り

．
O

ご．，
扇

（
卜 ．
O
、

O∀
　

8［

ε
．

翰 ．
Q
　
8［

（
O ．
O
）

　
O

（
O．
O
）

O．
ON

（
O 、
O
）

O ．
9

O．
αo

　冖
』
O尸

QO

『
』．
Qo

O．
◎◎

　

」
ヨ

卜

oQ9毘
塾

OoD

ぴ ．冖．

い

　

　〔
O 、
O ．
9
）

09

（
O ．
° ・

．
° 。．
雪
）

ひ ．
°。

卜

（
O，
頃

．
eN
．

給

（
O
．

画 ．
寸
）

　
OO

［

δ
．

寸．
n
）

　
09

δ．
O）
O ．
コ

（

O ．
O）

OO
【

（
O
．

O）
　
09

ε
、

O
）

　
O

（
O ．
O
）

O ．
O［

（
O 、
O
）

n．
吟

OQQ

　

』
三

〇

ヨ．

』
め

O
°◎

　
』
O門

卜

oo9

．

OoogO
髄

9

oD

（

α ．
い

．［。
潟
）

　

　
〔

O
．

O ，
NN

）

oooo
同　一

　
（

O眠
O．
い同
）

同．
寸

α

ε．
の

。
°。，
寸
）

　
OO

【

（

噴 ．
『
寸 ．
巳
マ，
ま

（

凶

（
O
．

O）
O ，
9

（
O
．

O）
卜 ．
O
°。

，
爲
．

O）
O．
O
°。

（

O、
O
）

　
O

（
O 、
O
）

n ．
需

（

O
．

O）
　
O

O．
o◎

　”
日

ヨ

OO

『
』
oo

OoO

　

』
鷺

卜

oD
α一．

旧

oQ9露
9．

（【．
＝
＾

O ．
い

い

）

頃 ，
卜

n

（

O 、
O ．
9
）

“ ，
α っ

n

ε．
い

．
O）
° 。，
潯

（
O．
O，
り）

O

O
騨 ⊃

　”
遥
O［

卜

oo9

三

（

ー
。

09

）

（

卜 ．
ヨ
、

O ，
O

じ
O．
OO

（
門，
い

．
O ，
頃

ま，
° D
門

（

O
．

O）

O

O
。 o

　

コ
£

卜

o う

ひ冖．

卜門

（

O、
e

（
O．
9Oo

O
ヨ．
”
』．
o う

O．
°o

　

昌
ヨ

v 丶Po
つ o◎

σ丶 σ 丶

一 一．

（
臣 。

＝

蓉
80
＝

）

寸
N

寸

崎

個

門

　

　

　

　

　

　

　

　

　

　

　

　

　

　

　

　

　

　

　

　

　

　

　（
試
）

の
琶

呂
∈

芒
 」
超
石

」

ε
』。

匚

＝

。

8
盈
（
切

葦
82g

鴇
つ

旨
b。
＝一』
弓
h

三

薯
。

δ
呂
＝

遷
ε
お冒
蕩

霧

量
三
。

黌
Z

　

　

り

葦
謬」

O

曾
aeo

琶

黝

ξ
8
？
易

8

お
O
ン

　

　

　

（
∪
し

o
」

三

田

aE2

　

⇔9
＝
＝

oo

り

・
の

彗
舊
。

含
g

憙
』

当
”
一
邸

b。

ε
。

8
盈

旨

§

ミ
q
ミ

ミ
己
三
二

。一

誓
萇

§

營
9
薯
』

。
（
訳
）
・

萄
己．
．［

。

憙
←

一

N 工工
一Eleotronio 　Library 　



The Entomological Society of Japan

NII-Electronic Library Service

The  EntomologicalSociety  of  Japan

208 Yasuo  MAETA  and  Others

lower limit of  the effective thermal  range  would  lie around  about  OOC. Higher

termination rates were  obtained  by coolings  between 2 and  1leC, suggesting  this

thermal  range  to be needed  fer terrnination of  diapause,

    In the same  year, the termjnation [ate by shorter  cooling  periods tended  to  be

higher at  5 and  geC  than  at the  other  temperatures.  This tendency  was  pronounced
in 1986. Full termination was  obtained  by the  cooling  for only  2 months.  Probably

the thermal  optimum  fbr diapause terrnination rnay  lie between 5 and  10QC. There

was,  however, a year-to-year difference in the  sequence  of  the termination  process;
fu11 (100%) termination  was  delayed more  in ]987 than  in 1986 under  the same

cooling  temperatures  (see 5, 8 and  l10C, Table 1). Probably, the delay of  cooling

until  mid  November  in 1986 is responsible  for this difference, The  juvenile bees

used  in 1986 might  have experienced  low temperatures for a aonger time before
being put in cooling  cabinets  than  those  in 1987. Meterological recoTds  showed,

in fact, that the curnulative  time until  the start of  the experiment,  during which  the

field temperature  went  below l10C, was  370 hours (l5.4 days) in 1986, in contrast

to 52 hours (2.2 days) in 1987. This longer exposure  to the low temperature  before
the  cooling  experiment  must  have acceleTated  diapause termination  in 1986. '

    The  result in 1986 may  permit an  estimate  of  the period required  for diapause
termination  under  favorable cooling  temperatures  as  2,5 months  (15.4 days in the

field and  2 months  in the cooling  cabinet).  In l987, however,  3 months  of  cooling

at  the effective  temperatures  was  insuMcient for fu11 termination of  diapause. This

discrepancy suggests  the presence of  unknown  factors. In any  event,  it is diMcult
to terminate the reproductive  diapause in a period shorter  than 3 months  by thermal

control  alone.

    The  seasonal  sequence  and  life cycle  are  quite simiEar  in G  .t7dvipes and  C.

j'aponica. Therefore, the  diapause  of  C. japonica may  be terminated  with  the same

procedure as  in C, fiavipes, Table 2 shows  the results obtained  with  C. faponica for
the  ovarian  states.  The  Tate  of  diapause termination  was  about  50%  foT 3 months

and  about  100%  for 4 months  at low temperatures. As about  20 cumulative  days

(4hr$× 4 months)  within  4 months  were  spent  for warming  at  28eC, the  actual

duration of  cooling  for termination in C  .faponica is estimated  at about  3 months

Table 2. Mean  number  of  oocytes  of  various  developmental stages  in Ceratina

 1'aponica after  cooling  (]OOC, 20 hrs) with  temporary  warming  (28"C, 4 hrs)
                    for difTerent montlis.

            PercentDuration of
           ratio of

 (:Oi8nlit"hl) 
t,dr.ia?,aautsig,

 
MOrt"IitYMean

 number  of  oocytes  of  stages

          I"H{',

I1'IIIVIII  III'Number

 of

  beesexamined

234 o45.596.2 oo27.8 8 OO6.68
 O.14  O,73 O.36  O.05 O.05

5.77 O.04 1.15 O.65 O.t9 O.l9

112236

"
 Expiained  in text.



The Entomological Society of Japan

NII-Electronic Library Service

. The  EntomologicalSociety  of  Japan

Non-delayed  Eusociality in (;leratina japonica I 209

.:.

:.,.g..5a-:

a'
:8-
.-s

50%

    10･2 lo-l, 1 lo lo2 rlo3

                    Applied doses  of JHA  { ng  X bee  )

  Fig, 2, Percent ratio  of  diapause termination, mortality  and  percent ratio  of  malfermation

     by tQpical  application  of  JHA  at  varEous  doses to the prepupae and  pupae  of  Ceratina

     japonica. Lines are drawn not  statistica]ly by cornbining  the  rcsu]ts  for prepupae  and

     pupae, 
,,.-

by subracting  the  20 days. .,

   By artificial warming  ofjuvenile  adults  and  allowance  of  fbod intake during

the warm  spell  in each  cooling  day, the time  necessa[y  for diapause termination (4
months)  was  shortened  to about  3 rnonths,  yet post-diapause juveniles can  be ob-

tained only  in October. Thus, this procedure was  also  inapproprjate for our  pur-

pose, because the time limit at  which  motheTs  can  lay eggs  is the  end  of  August.

    Figure 2 shows  the combined  resutts of topical application  of JHA  to the pE.e-

p.gpae and  pupae of  C. .iaponica at difTerent JHA  doses, The  rate  of  diap4",l.･sue

termination  was  enly  11-50%  (34,9± 12.2%) even  at  the  most  effective dose range

(O.05-O.8 nglbee),  The tcrmination  rate seemed  slightly higher for pupae than  pre-

pupae  but without  significant  differences. The  ratio  ef  ovipositing  females after

JHA  application  was  37.5%  (3 out  ef8  bees) in 1989 and  15%  (3!20) in l990, Using

this method,  JHA  treated juvenile fernales are  available  sin ¢ e early  July, i. e., sufi

ficiently before the cessation  of  ovipositions  by mothers  at  the  end  of  August te

induce mother-daughter  celonies  of  adults  artificialty,

    The mortality  and  tbe rate  of  malformation  (shrunk-antennae, 
-legs,

 arid

-wings) increased distinctly at higher JHA  doses. In ]990 JHA  was  smeared  twice

en  each  female at  the prepupal and  pupal stages,  but the termination rate  was  Iower

than  that of  ]989. It is possible that the low termination  rate  may  be resuited  from

the  developmental stages  used  rather  than  the  JHA  doses and  the number  of  topical

smearlngs.

A.v=.g-tuE6g--asE69g･+>r-totoE
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                               Discussion

    Most  true temperate  bees (i. e., exc}uding  honeybees and  subtropical  allodapine

bees) overwinter  in one  of  the 3 stages: A-prepupae,  B-adults  without  leaving
natal  brood cells, and  C-adults  after pre-hibernating extranidal  $elfifeeding  (see
HesHiKAwA  et  aL,  1992). Overwjntering as  eggs  and  feeding ]arvae is impossible

in both brood rearing  and  cleptoparasitic  bees. It is netewortby  that  pupal  over-

wintering  is very  rare  jn Apoidea. The  only  reported  case  is C7iiticota athicla (Col-
letidae) (STEpHEN et at., 1969). Most  social  or  socjally  disposed temperate  bees

(halictine bees, Ceratina, bumblebees) adopt  type  C, although  Rhqpatemetissa esakii,

a  nomiine  bees with  a low level seciality,  belongs to type A  (MAETA &  SAKAGAMI,
unpub.).

    Detailed studies  on  the diapause of  bees have not  been made,  although  some-

thing is known  for Megachile  rotunddta  (type A, BiTNER, t976; MAETA, 1983),
Osmia cornij)ons,  O, taurus, O. pedicornis, O. imaii, O. coeruleseens,  Chalieodoma
sculpturatis,  C, spissula, M.  psebldomonticela (all type B, MAETA, l97S; MAETA,

unpub.),  Anthophorapilipes villosuta  (type B, MAETA,  unpub.)  and  Andrena  prostomias
(type A, MAETA,  unpub.),  In all these  spe ¢ ies, diapause is terminated by cooling  for
about  3 months.  The  present study  revealed  that  coeling  for the  same  period was
required  also  in the type C  bees: The reproductive  diapause of  young  females is
terminated  by cooling  for 3 months  or  rnore  under  a  low temperature  range  with

the optimum  around  5 to 80C.

    Our  main  aim  is to jnduce non-delayed  eusociality  in Ceratina.faponica, which

is basically solitary  but occasionally  forms semisocial  and  delayed eusocial  colonies

(SAKAGAMi &  MAETA,  1989). For  this purpose, we  must  match  the mother  who

lays her second  brood (=the prospective queen) and  the daughter who  forages for
iarval food (=-the p[ospective worker)  appropriately.  The  diMculty is due te  the

following facts: The mother's  secQnd  laying can  not  be extended  after  late August
when  the  day length climinishes beyond  the critical  point for oyiposition  activity  at

l3 hours (MAETA, 1993). Besides, the diapause termination  of  juvenile females
requires  the effective  cooling  at Ieast for 3 months  eyen  though  a  warm  spell  has been

given for food intake every  day. It is dificult to induce the non-delayed  eusociality

within  such  limited duration by control  ofthermal  conditions  atone.  Consequently,
JHA-application  is at  the  present the only  available  method  for eur  purpose, even
though  further imprevement of  the procedure is neoessary.
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