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Abstract
Polygonia c-aureum females exhibit photoperiodically induced imaginal diapause, characterized by cessation of ovarian 
development. Females grown at a short daylength (SD) entered imaginal diapause, whereas those grown at a long daylength 
(LD) produced eggs rapidly after adult emergence at 21 °C. The termination of diapause was influenced by daylength: 
diapause ended faster at LD than SD. Complete termination of diapause took 30 days in unchilled females reared under 
LD at 21 °C. On the other hand, prompt, synchronized and strong diapause termination occurred at post-chilling periods. 
Photoperiods at post-chilling periods affected ovarian development, when the length of pre-chilling periods or the length 
of chilling periods was shorter, suggesting that these treatments were not enough to complete diapause development. Ovar-
ian development proceeded earlier in chilled and subsequent warmed females than unchilled females. Wing damage was 
remarkable at post-chilling periods when females were reared under an adequate length of pre-chilling and chilling periods, 
especially comparing with females under pre-overwintering conditions without chilling, indicating that post-diapause repro-
ductive development was weak in unchilled females. Thus, exposure to low temperatures is necessary for a strong diapause 
termination in this butterfly.
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Introduction

Many insects with autumnal–hibernal imaginal diapause 
exhibit a gradual loss in sensitivity to various diapause-
maintaining factors, and thereby diapause is terminated 
spontaneously in late autumn or early winter and maintain 
the state of quiescence under low temperatures (Tauber and 
Tauber 1976; Tauber et al. 1986). Temperature is one of 

the major stimuli affecting the termination of autumn–win-
ter diapause in insects (Leather et al. 1993; Koštάl 2006; 
Koštάl et al. 2008; Jiang et al. 2010), although diapause is 
terminated without exposure to low temperatures in many 
species (Hodek and Hodkova 1988; Hodek 1999, 2002), e.g., 
in Coccinella septempunctata and Semiadalia undecimno-
tata (Hodek 1970), in Chrysopa carnea (Honěk and Hodek 
1973), in Aelia acuminata (Hodek 1974, 1979), in Riptor-
tus clavatus (Numata and Hidaka 1982), in Dolycoris bac-
carum (Hodkova et al. 1989), in Choristoneura fumiferana 
(Han and Bauce 1996), in Sesamia nonagrioides (Fantinou 
et al. 1998), in Euseius finlandicus (Broufas et al. 2006), in 
Nezara viridula (Musolin et al. 2007), and in Chilo suppres-
salis (Xiao et al. 2010).

Polygonia c-aureum has a distinct seasonal diphen-
ism, in which summer and autumn forms, differ from each 
other in wing morphology and physiology. The autumn 
form butterflies enter a reproductive diapause, overwinter, 
and reproduce in the spring, and their progeny develop to 
summer forms in the summer. Summer form butterflies 
reproduce soon after eclosion and additional summer-form 
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generations are produced in warm regions of Japan. Both 
seasonal diphenism and diapause induction of this spe-
cies is controlled mainly by photoperiod and temperature 
experienced during the larval stage: long photoperiods and 
high temperatures produce the summer form without dia-
pause, whereas short photoperiods and lower temperatures 
produce the autumn form with diapause (Hidaka and Aida 
1963; Hidaka and Takahashi 1967). This butterfly has 4 or 
5 generations per year in Tokyo, differing in the region. 
The diapausing autumn form adults search for the flowers 
before overwintering to develop the fat body. Diapause of P. 
c-aureum females is characterized by suppression of ovar-
ian development (Hidaka and Aida 1963; Fukuda and Endo 
1966) and accumulation of secretory substances in female 
accessory reproductive glands (Endo 1970a; Raabe 1986) 
and reduced receptivity for mates (Endo 1973). Diapause of 
this butterfly is controlled by corpora allata. Endo (1970b) 
demonstrates that transplantation of active corpora allata 
derived from summer form destined larvae into autumn form 
destined larvae promotes ovarian development in the adult 
stage. Application of a juvenile hormone analogue meth-
oprene into diapausing autumn form butterflies also pro-
motes ovarian development (Hiroyoshi et al. 2017). Fujita 
et al. (2009) have shown that the diapause of this butterfly 
was maintained for 2 months under a short photoperiod at 
20 °C, whereas the diapause was terminated easily by a long 
photoperiod.

However, we know little about the maintenance and ter-
mination of their diapause after overwintering. The present 
study was undertaken to clarify the effects of photoperiod, 
temperature and aging on the maintenance and termination 
of diapause and post-diapause development in P. c-aureum. 
We examined ovarian development and wing damage, 
because they, especially the latter, reflected a weak and 
strong diapause termination. As the diapause terminated 
by long photoperiods might be artificial in this butterfly, 
because field examination showed no sign of diapause ter-
mination in the autumn (Hiroyoshi, unpublished data). Thus, 
we assessed the effects of chilling on diapause termination.

Materials and methods

Insect stock

A laboratory colony was established from larvae of P. 
c-aureum collected at Tokyo Metropolis and Saitama Pre-
fecture, central region of mainland Japan in 1991. It had 
been maintained under long day (LD: 15 h light:9 h dark) 
at 21 ± 1 °C, conditions producing summer form butterflies. 
All experiments were done in 1992.

Rearing

To obtain autumn form butterflies, hatchlings derived from 
the laboratory colony were reared under short day (SD: 
8 h light: 16 h dark) at 21 ± 1 °C according to the methods 
described previously (Hiroyoshi 1992). After adult eclosion, 
females were separated from males, and held in separate 
cages (17 cm × 16.5 cm × 46 cm). A sucrose solution (10%) 
absorbed in cotton balls was provided as food for adults and 
renewed weekly. When adults were chilled at 5 °C in dark-
ness for the termination of diapause, they moved only little 
and thus no food was given to the adults.

Environmental conditions

A design of experiments was drawn in Fig. 1. After hatch-
ing, larvae were reared under SD at 21 ± 1 °C until adult 
eclosion. Autumn form adult females obtained under SD 
at 21 ± 1 °C were reared under various experimental con-
ditions as described below (see Fig. 1): In Experiment 1, 
females were kept under either SD or LD at 21 °C for 0–60 
days without chilling. In Experiment 2, females were pre-
incubated under SD at 21 °C for 15 or 45 days, chilled at 
5 °C in DD (complete darkness) for 2 months, and returned 
to SD or LD at 21 °C. In Experiment 3, females were pre-
incubated under SD at 21 °C for a month, chilled at 5 °C in 
DD for 3 months, and returned to either SD or LD at 21 °C.

Ovarian development

Ovaries were dissected out in a saline solution (consisting 
of 8.6 g NaCl, 0.33 g CaCl2 and 0.1 g KCl per liter distilled 

Experiment 1
(Fig. 2)

Experiment 2 
(Fig. 3)

Experiment 3
(Fig. 4)

Experiment 4
(Fig. 5)

5℃ DD

21℃SD

21℃LD 

Days after adult emergence

0 30 60 90 120 150 

Fig. 1   Scheme of experimental design on the environmental rearing 
conditions of Polygonia c-aureum. LD, SD and DD indicate long-
photoperiod, short-photoperiod and complete darkness, respectively
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water) under a binocular microscope every 10 days after 
adult eclosion or after chilling. In this study, the incidence 
of diapause, the frequency of females with mature oocytes, 
the number of eggs, and oocyte diameter were examined in 
the following ways. Diapausing females have small opaque 
or white-colored oocytes. Females with yellow, yellowish 
green, green oocytes or green eggs were classified as indi-
viduals in non-diapause. The number of eggs was counted. 
The diameter of the largest oocyte in each individual was 
measured with the aid of an ocular micrometer equipped 
with a phase-contrast microscope. The experiments were 
repeated at least 5 times, usually 10–40 times for each age, 
as described in the figures.

Our preliminary observations indicated that P. c-aureum 
females laid no eggs unless their host plant leaves were pro-
vided. If host plant leaves were given, even unmated sexually 
mature females laid eggs, although they laid much fewer 
eggs than mated females did. In this study, neither host plant 
leaves nor mates were provided for the females used in the 
experiments.

The incidences of diapause and females with eggs were 
analyzed with a χ2 square test. The number of eggs and 
oocyte diameter were analyzed with the Mann–Whitney’s 
U test.

Behavioral activity

After dissection, the length of a left or right fore-wing was 
measured using a vernier for each individual except for those 
with damaged wings. It has been reported in the monarch 
butterfly Danaus plexippus that the degree of wing dam-
age increases with mating activity after the termination of 
reproductive diapause followed by reproductive activation 
(Leong et al. 1993). Thus, females of P. c-aureum with dam-
aged both left and right fore-wings were assumed to have 
been reproductively active. The frequencies of SD and LD 
females with damaged wings was compared with a χ2 square 
test.

Results

Effects of photoperiod and age on diapause 
at constant 21 °C

To determine if age and/or photoperiod during the adult 
stage affect reproductive diapause of P. c-aureum, ovar-
ian development was compared between adult females 
kept under SD and LD conditions at 21 °C (Experiment 1) 
(Fig. 2). Females kept under SD conditions continuously 
before and after adult eclosion did not develop the ovaries 
during the first 30 days of adulthood (Fig. 2a–c). The diam-
eter of oocytes remained smaller than 200 µm and attained at 

most 400 µm on average by day 60 (Fig. 2a). The number of 
females with eggs and that of eggs increased with age over 
30 or 40 days (Fig. 2b, c). Three females that had terminated 
diapause on day 60 had oocytes of approximately 820 µm in 
diameter (Fig. 2a), which corresponded to the size of eggs 
of this butterfly. The incidence of diapause was also high 
during the first 30 days and thereafter gradually decreased 
with time (Fig. 2d).

Under LD photoperiodic conditions, ovarian development 
proceeded rapidly with age (Fig. 2a–c). The average number 
of eggs was less than 50 on day 30 (Fig. 2c). The incidence 
of diapause decreased with age in the females, and all indi-
viduals terminated diapause within 30 days (Fig. 2d).

Effects of lengths of pre‑incubation conditions 
and chilling on diapause

Whether the length of pre-chilling periods (15 or 45 days) 
affects diapause was examined, because pre-chilling periods 
affect the survival rate during the chilling period (Hiroy-
oshi, unpublished data). First, females were kept under SD 
at 21 °C for the first 15 days of adulthood, chilled at 5 °C 
in DD for 2 months, and then returned to either SD or LD 
at 21 °C (Fig. 3: Experiment 2). Ovarian development of 
LD females tended to show higher values than those of SD 
females at any time examined (Fig. 3a–c). Although the inci-
dence of diapause was significantly lower in the LD females 
than in the SD females, 10 days after post-chilling (p < 0.05, 
by Mann Whitney’s U test), there were no significant differ-
ences between the two photoperiodic treatments thereafter 
(p > 0.05, by Mann–Whiteny’s U test) (Fig. 3).

On the other hand, when females were kept under SD at 
21 °C for the first 45 days of adulthood followed by chill-
ing at 5 °C in DD, and then returned to 21 °C under either 
SD or LD, photoperiods during the post-chilling period did 
not affect ovarian development (Fig. 4a–c: Experiment 3), 
diapause termination and subsequent reproductive develop-
ment significantly (Fig. 4d). Three out of 15 females did not 
show diapause characteristics before transfer from chilling 
conditions to SD or LD condition.

Effects of long‑term chilling on diapause

To determine the effects of extension of chilling period on 
diapause, newly emerged females were pre-incubated under 
SD at 21 °C for a month, chilled at 5 °C in DD for 3 months, 
and then returned to either SD or LD at 21 °C (Fig. 5: Exper-
iment 4).

Photoperiods after chilling did not affect ovarian develop-
ment, diapause termination and subsequently reproductive 
development. Under both photoperiods, ovarian develop-
ment increased to maximum levels 10 days after chilling 
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(Fig. 5a–c). The incidence of diapause decreased to 0% dur-
ing the same period (Fig. 5d).

Role of females with damaged fore‑wings

To determine if physiological state of females affects the 
intensity of behavioral activity after diapause and subse-
quent reproductive activation, the rate of females with dam-
aged fore-wings used in the Experiments 1–4 was examined 
(Fig. 6).

Among autumn form females kept under LD at 21 °C 
for 60 days after adult eclosion (Experiment 1: Fig. 6a), a 
few individuals (8.3%) had damaged fore-wings. The rate of 
damaged fore-wing was much higher in chilled females than 
in unchilled females as mentioned below. Unchilled females 
almost not lost the scales of wings, while chilled females lost 
them considerably 30 days after chilling (Hiroyoshi, unpub-
lished observation). The flying speed of butterflies experi-
encing chilling and then transferred to 21 °C was much faster 
than that of unchilled ones. When females were kept under 
SD at 21 °C for 15 or 45 days after adult eclosion, chilled 
at 5 °C for 2 months, and returned to 21 °C (Experiment 2 

and 3), the damaged fore-wing rates increased slightly with 
time after chilling irrespective of photoperiod (Fig. 6b, c). 
When females were kept under SD at 21 °C for a month, 
chilled at 5 °C for 3 months, and then returned to 21 °C 
(Experiment 4), the damaged fore-wing rates were higher 
in LD butterflies than in SD butterflies (Fig. 6d), and these 
values were much higher than those obtained from the other 
experiments (Fig. 6a–c). It is noted that photoperiod after 
chilling had almost no significant influence on either ovarian 
development and diapause termination (Fig. 5).

For comparison, wing damage of males was examined. 
As a result, the results on males were similar to those on 
females (Fig. 7). Male butterflies that did not receive over-
wintering conditions showed low wing damage rates.

Discussion

Role of photoperiod

In many insects, diapause is controlled by abiotic factors, 
especially, photoperiod and temperature. Recent studies on 
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Fig. 2   Effects of photoperiod on ovarian development and the dia-
pause incidence in autumn-form adults of Polygonia c-aureum reared 
under SD or LD at 21  °C. Open circles and triangles indicate the 
females kept under LD and SD, respectively. a Mean diameter of 

oocyte; b mean number of ovarian eggs; c females with eggs; d the 
incidence of diapause. The numerical number in parentheses indi-
cates the number of animals used under LD (thick letters) and SD 
(thin letters). Asterisk indicates the significant difference
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lepidopteran insects indicate that photoperiods appear to 
have an influence on diapause development during the early 
phase of diapause (Milonas and Savopoulou-Soultani 2004; 
Yang et al. 2014). Short daylength may have an important 
role in the maintenance of winter diapause during autumn 
and early winter. Photoperiod during the early stage of adult 
life affected diapause of P. c-aureum females. Females kept 
under SD at 21 °C in the adult stage had suppressed ovar-
ian development for the first 30 days and then gradually 
developed ovaries with time. On the other hand, females 
kept under LD at 21 °C during the adult stage showed rapid 
ovarian development with age. These results indicate that 
diapause of this butterfly was maintained by SD for a certain 
period of time but rapidly terminated by LD. Interestingly, 
diapause can be terminated even under SD spontaneously, 
without being exposed to low temperatures. High tempera-
tures such as over 25 °C also terminated diapause quickly 

in this species (Hiroyoshi, unpublished observation). These 
results might suggest a possibility that some adults terminate 
diapause before winter in the field. However, all autumn-
form females (n = 27) collected in the autumn (Septem-
ber–November), which represented the diapausing genera-
tion in Japan, were found in a state of reproductive diapause 
(Hiroyoshi, unpublished data). Therefore, it seems that this 
butterfly maintains diapause in the autumn in nature.

This discrepancy seems to be caused from a rearing tem-
perature. The constant temperature (21 °C) at adult stage 
used in the present study could be too high to maintain the 
diapause of this butterfly, because diapause is maintained 
for about 3–4 months, when females were kept under SD 
at 15 °C (Hiroyoshi, unpublished data). Decrease of tem-
perature may be necessary for their diapause maintenance 
and/or subsequent quiescence, since outdoor temperatures in 
autumn decrease with the advance of the season.
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Fig. 3   Effects of photoperiod on ovarian development and the dia-
pause incidence in autumn-form adults of Polygonia c-aureum reared 
under SD at 21 °C for 15 days after adult eclosion, chilled under DD 
at 5  °C for 2 months, and then transferred to SD or LD at 21  °C. 
a–d Show mean diameter of oocyte, mean number of ovarian eggs, 

females with mature eggs, and diapause rate, respectively. Open cir-
cles and triangles indicate the females kept under LD and SD, respec-
tively. The numerical number of parentheses indicates the number of 
animals used under LD (thick letters) and SD (thin letters). Asterisk 
indicates the significant difference
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Role of low temperature

Many studies have shown that low temperatures during 
overwintering are important for diapause development to 
take place. In this study, a rise in temperature after simu-
lated overwintering conditions terminate diapause quickly in 
chilled P. c-aureum, compared with unchilled females. This 
suggests that low temperature during the winter is effective 
in accelerating diapause development, resulting in the syn-
chronization of reproduction in the spring. Since P. c-aureum 
females examined after chilling were old (3–5-month-old), 
aging might also be involved in diapause development. After 
chilling period, a pair of autumn form mated and females 
laid viable eggs (Hiroyoshi, unpublished observation).

The length of pre-chilling period affected the maintenance 
of diapause (Figs. 3 and 4). Early timing of temperature shift 
affected photoperiodism after chilling (Fig. 3), while late 
timing of temperature shift did not (Fig. 4). This seems to 

show that early timing of chilling did not complete diapause 
development and thus the sensitivity for photoperiods was 
still maintained after chilling (Fig. 3). On the other hand, 
late timing of chilling completed diapause development and 
photoperiod no longer affected post-chilling development 
(Fig. 4). Thus, it appears that females that completed dia-
pause development lost the sensitivity to photoperiod, as 
known in many insects, e.g., in Chrysopa oculata (Propp 
et al. 1969), in C. Mohave (Tauber and Tauber 1973), in C. 
harrisii (Tauber and Tauber 1974), in Semiadalia undec-
imnotata (Hodek and Ruzicka 1977), in Aelia acuminata 
(Hodek 1979), in Coccinella septempunctata (Hodek et al. 
1989), and in Leptinotarsa decemlineata (de Kort 1990). 
This finding is supported by the fact that when females of 
P. c-aureum were pre-incubated at 21 °C and chilled at 5 °C 
for 3 months, photoperiods during the post-chilling period 
at 21 °C did not affect diapause termination (Fig. 5d). From 
these lines of evidence, it seems likely that not only the 
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periods from adult eclosion to overwintering but also the 
duration of overwintering periods affect diapause develop-
ment of this butterfly.

When P. c-aureum females were chilled at 5 °C from 45 
days of adult age for 2 months, 20% females were not in a 
state of diapause just after chilling. As it seems unlikely that 
ovarian development progressed during chilling at 5 °C, the 
diapause of these non-diapaused females could be termi-
nated before chilling (Fig. 4d). Although why these females 
could survive during the chilling is uncertain, they did not 
die probably because these females prechilled at 21 °C for 
30 or 45 days had well-developed fat body just after chill-
ing (Hiroyoshi, unpublished observation), supporting their 
survival. As these females immediately after chilling had 
mature eggs, they seemed to complete diapause termina-
tion. This explains that a proportion of weak diapause-ter-
minated females could survive during the chilling, although 
diapause development finished. Estimated from the results 

on Fig. 2a, non-diapause rate was much lower than approxi-
mately 50% of non-diapause rate in unchilled females 45 
days after adult eclosion. Thus, it appears that a proportion 
of females, which broke diapause completely before chill-
ing, did not survive during the course of the chilling period 
(Hiroyoshi, unpublished data). We assumed here that this 
butterfly have a weak and strong diapause termination for 
unchilled and chilled females, respectively. We defined that 
a weak diapause is terminated by factors such as long pho-
toperiods, which do not occur in the autumn, and subsequent 
reproductive development including flight behavior is slow, 
whereas a strong diapause is terminated by low temperatures 
and aging, which occur in the winter, and subsequent repro-
ductive development is fast. Since unchilled females did 
not experience enough diapause development, they showed 
a weak diapause termination. On the other hand, chilled 
females completed diapause development and are ready for 
a strong diapause termination.
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Fig. 5   Effects of photoperiod on ovarian development and the dia-
pause incidence of Polygonia c-aureum in autumn-form adults reared 
under SD condition at 21 °C for 30 days after adult eclosion, chilled 
under DD at 5 °C for 3 months, and then transferred to SD or LD at 
21 °C. a–d Show mean diameter of oocyte, mean number of ovarian 

eggs, females with mature eggs, and diapause rate, respectively. Open 
circles and triangles indicate the females kept under LD and SD, 
respectively. The numerical number indicates the number of animals 
used under LD (thick letters) and SD (thin letters). Asterisk indicates 
the significant difference
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Wing damage

Wing damage or wing wear is often used to estimate the 
age of the butterfly and moth, for example, Colias sp., 
Cnaphalocrocis medinalis (Guenée), Pieris rapae (L.), and 
Colias erate Esper (Watt et al. 1977; Wada and Kobayashi 
1985; Watanabe and Ando 1993; Watanabe and Nakani-
shi 1996), because daily activity reflects the accumulation 
of wing damage. Percentage of P. c-aureum females with 
damaged forewings which experienced chilling at 5 °C for 
3 months was much higher than that of unchilled females 
and that of females chilled for 2 months. This suggests the 
possibility that exposure to low temperatures for larger 
term followed by rising temperature and aging provided a 
subsequent enhancement of behavioral activity of females, 
which would be likely to damage the wings. Different from 
the ovarian development, the reason of why photoperiods 
affected their behavioral activity is unclear. One may argue 
that the increase of females with damaged wings is due to 

the difference of photophase length, because this butterfly 
is diurnal, and therefore, females under LD might engage 
in foraging and flight behavior for a longer time than those 
under SD. However, this cannot explain why unchilled 
females showed extremely low percentages of damaged 
fore-wings irrespective of photoperiods and no differences 
were found between SD and LD in females chilled for 
2 months. Thus, it is evident that chilling treatment and 
a subsequent rise of temperature, but not the solely dif-
ference of photophase, caused the increase of the wing 
damage. It is noted that if wing damage is related to the 
degree of sexual maturity, it may be used as an indicator 
in addition to the ovarian development to elucidate post-
diapause reproductive development. Although the discrep-
ancy between diapause rate and wing damage seen in the 
present study is unclear, it is probably due to the differ-
ence of the mechanism underlying the mating behavior and 
diapause (Endo 1973). If we could measure the amount of 
scales or changes of fringe of wings in this butterfly, wing 
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Fig. 6   Frequencies of wing damage of female Polygonia c-aureum 
under various conditions. a–d Are based on the individuals presented 
in Figs. 2, 3, 4 and 5, respectively. Open circles and triangles indicate 

the females kept under LD and SD, respectively. The numerical num-
ber indicates the number of animals used under LD (thick letters) and 
SD (thin letters). Asterisk indicates the significant difference
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damage would reflect the strength (weak or strong) of the 
diapause termination more precisely.
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