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Abstract

Increasing evidence has demonstrated that the environmental conditions experi-
enced by parents can shape offspring phenotypes. Here, we examined the effects of
the photoperiod and temperature experienced by parents on the incidence of diapause
in their progeny in the cabbagebeetle,Colaphellus bowringi, using three experiments. The
first experiment examined parental diapause incidence under different photoperiods at
25°C and the incidence of diapause in progeny fromboth non-diapausing and diapaus-
ing parents under the same rearing conditions. The results revealed that the incidence of
diapause among progeny was exactly opposite to that of their parents, i.e., higher par-
ental diapause incidence led to lower progeny diapause incidence, showing a negative
relationship in diapause incidence between the parental generation and the progeny
generation. The incidence of diapause amongprogenyproduced bydiapausing parents
was higher than that in progeny produced by non-diapausing parents. The second ex-
periment examined parental diapause incidence at different temperatures under LD
12:12 and the incidence of diapause in progeny frombothnon-diapausing anddiapaus-
ing parents under the same rearing conditions. Similarly, the incidence of diapause in
progenywasalsoopposite to that of theirparents.However, the incidenceofdiapause in
progeny produced by non-diapausing parents was different from that in progeny pro-
ducedbydiapausingparents. In the third experiment, naturally diapausing adultswere
maintained at a constant temperature of 9, 28°C or themean daily summer temperature
of 27.84°C under continuous darkness for 3 months of dormancy. After dormancy, the
progenyof these post-diapauseparentswere rearedunderdifferent photoperiods at 25°
C. The results showed that the incidence of diapause among progenywas higher when
their parents experienced high temperatures thanwhen they experienced low tempera-
tures.All resultsdemonstrate that thephotoperiodand temperature experiencedbypar-
ents may significantly affect the diapause incidence among progeny.
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Introduction

There is increasing evidence that the environmental condi-
tions experienced by parents can influence the phenotype and

life-history traits of their progenybyaffecting their physiologic-
al conditions (Mousseau&Dingle, 1991;Mousseau&Fox, 1998;
Badyaev & Uller, 2009; Bonduriansky & Day, 2009; Valtonen
et al., 2012; Burgess & Marshall, 2014; Attisano & Kilner, 2015;
Kilner et al., 2015). These transgenerational effects canbeviewed
as plastic phenotypic responses of the progeny to parental
environmental conditions, i.e., non-genetic parental effects.

Parental effects on reaction norms for morphological,
behavioural and physiological traits have been investigated
in a number of insects, such as the tobacco budworm

*Author for correspondence
Phone: +867913813248
Fax: +8679183828081
E-mail: xue_fangsen@hotmail.com

Bulletin of Entomological Research (2018) 108, 773–780 doi:10.1017/S0007485318000019
© Cambridge University Press 2018

https://doi.org/10.1017/S0007485318000019 Published online by Cambridge University Press

mailto:xue_fangsen@hotmail.com
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/S0007485318000019&domain=pdf
https://doi.org/10.1017/S0007485318000019


(Heliothis virescens) in terms of the effect of parental diet on pro-
geny development time (Gould, 1988), the seed beetle Stator
limbatus in terms of the effect of parental feeding on progeny
body mass (Fox et al., 1997), the desert locust (Schistocerca gre-
garia) in regard to the effect of parental rearing density on pro-
genymorphology and behaviour (Simpson&Miller, 2007), the
flyDrosophilamelanogaster in terms of the effect of parental food
quality on progeny development time (Valtonen et al., 2012),
the tobacco hornworm (Manduca sexta) in regard to the effect
of immunochallenged parents on progeny larval development
time and body mass (Trauer & Hilker, 2013) and the burying
beetleNicrophorus vespilloides in terms of the effect of the paren-
tal developmental environment on progeny reproduction and
wing morphology (Kilner et al., 2015; Attisano & Kilner, 2015).

Environmentally modulated transgenerational plasticity in
progeny diapause has been examined in some insects that
undergo facultative summer or winter diapause (Danks,
1987; Yang et al., 2007; Lai et al., 2008; Scharf et al., 2010). In gen-
eral, the photoperiod, temperature, host availability or density
experienced by the parental generation will determine the
probability of diapause in their offspring (Vinogradova,
1974; Mousseau & Dingle, 1991; Fox & Mousseau, 1998; Oku
et al., 2003; Tachibana & Numata, 2004; Huestis & Marshall,
2006; Yang et al., 2007; Lai et al., 2008; Scharf et al., 2010).

Parental effects have been regarded as an important source
of evolutionary diversification. Parental effects can alter the
nature and pace of ecological and evolutionary change, poten-
tially permitting organisms to adapt quickly in a rapidly chan-
ging environment (e.g., Räsänen & Kruuk, 2007; Badyaev &
Uller, 2009; Kilner et al., 2015).

The cabbage beetle, Colaphellus bowringi Baly (Coleoptera:
Chrysomelidae), is a serious pest of crucifers in the mountain-
ous areas of Jiangxi Province. In the field, there are two distinct
infestation peaks: the single spring generation betweenMarch
and April and the three autumn generations between
September and November, which undergo aestivating and hi-
bernating imaginal diapause in the soil, respectively (Xue et al.,
2002a). This cabbage beetle shows a short-day response (devel-
ops in response to short day length and enters diapause in re-
sponse to long day length) when the mean daily temperature
is ≥20°C. All individuals enter diapause when the mean daily
temperature is ≤20°C regardless of the photoperiod. High
temperatures strongly weaken the diapause-inducing effects
of long day lengths (Xue et al., 2002b). The female parent exhi-
bits a greater effect on diapause initiation than the male parent
(Chen et al., 2014). Previous studies of C. bowringi have re-
vealed that parental physiological age, mating pattern, dia-
pause duration, geographical origin and host plant had a
significant influence on the incidence of diapause in their pro-
geny (Yang et al., 2007; Lai et al., 2008). The present study
aimed to detect how the photoperiod and temperature experi-
enced by parents of C. bowringi influence the incidence of dia-
pause in their progeny.

Materials and methods

Experimental animal

Diapausing adults of C. bowringi were collected from the
field in autumn in Xiu-Shui County, Jiangxi Province, PR
China (29°1′N, 114°4′E) and then transferred to large glass bot-
tles (diameter: 50 cm; height: 180 cm) containing soil to bur-
row for dormancy. The bottles were placed outdoors at
Jiangxi Agricultural University, Nanchang, Jiangxi Province

(28°46′N, 115°59′E). When post-diapause adults emerged
from the soil, they were transferred in pairs to Petri dishes
for mating and oviposition. The eggs were collected every
day at approximately 5:00 pm, and newly hatched larvae
were transferred to plastic rearing boxes (17.5 × 12.5 × 6.5
cm3). Each box contained at least 60 individuals. In all experi-
ments, each treatment was replicated three to five times.
Larvaewere fedwithmature leaves of radish (Raphanus sativus
var. longipinnatus) until the adults entered diapause. The dia-
pausing adults were transferred to large glass bottles contain-
ing soil to burrow for dormancy.

Experimental designs

To examine the effects of the photoperiod and temperature
experienced by parents on the incidence of diapause in their
progeny, three experiments were conducted. The first experi-
ment spanned 2 years. The parental larval generation pro-
duced by post-diapause adults was reared under different
photoperiods (LD 10:14, LD 11:13, LD 12:12, LD 13:11, LD
14:10, LD 15:9 and LD 16:8 h) at 25°C (a diapause-preventing
temperature) and produced non-diapausing and diapausing
parents. The incidence of diapause in the progeny from non-
diapausing and diapausing parents was evaluated under LD
12:12 at 25°C both in the current spring and in the next spring
(fig. 1a).

The second experiment also spanned 2 years. The parental
larval generation produced by post-diapause adults was
reared under LD 12:12 at 22, 25, 28 and 30°C and produced
non-diapausing and diapausing parents. Similar to the first ex-
periment, the incidence of diapause in the progeny from non-
diapausing and diapausing parents was evaluated under LD
12:12 at 25°C both in the current spring and in the following
spring (fig. 1b).

In the third experiment, naturally diapausing adults (par-
ental generation) were maintained at a constant temperature
of 9°C (an overwintering temperature), 28°C (an aestivating
temperature) or the mean daily summer temperature of
27.84°C for 90 days under continuous darkness conditions.
Then, the incidence of diapause in the progeny from these
post-diapause parents was evaluated under different photo-
periods (LD 10:14, LD 11:13, LD 12:12, LD 13:11, LD 14:10
and LD 15:9 h) at 25°C (fig. 1c).

It should bementioned that diapausing parents that experi-
enced different photoperiods and temperatures emerged from
the soil the following spring (early March) at the same time.

Diapause identification

All diapausing adults show a digging behaviour and bur-
row into the soil after 4–6 days at 25 or 30°C and after 7–9 days
at 20°C (Xue et al., 2002b).

Statistical analyses

Data on parental diapause incidence under different photo-
periods and temperatures and diapause incidence data for
progeny from non-diapausing and diapausing parents were
analysed using analysis of variance (ANOVA) followed by a
Bonferroni multiple comparisons test (STATA 9.0 software).
The percentage data for diapause incidence were arcsine
square root transformed before analysis. Data on the incidence
of diapause in progeny were compared by two-way ANOVA
with the photoperiod or temperature experienced by parents,

H.-M. He et al.774

https://doi.org/10.1017/S0007485318000019 Published online by Cambridge University Press

https://doi.org/10.1017/S0007485318000019


Fig. 1. Experimental design used to test the effects of photoperiod and temperature experienced by Colaphellus bowringi parents on the
incidence of diapause among their progeny. (a) Effect of photoperiod experienced by parents on diapause incidence in their progeny; (b)
effect of temperature experienced by parents on diapause incidence in their progeny; (c) effect of temperature experienced by diapausing
parents during diapause period on diapause incidence among their progeny.
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parent status (diapausing or non-diapausing) and their inter-
action as explanatory variables. Different treatment effects
were compared using a Bonferroni test after ANOVA with a
significance level of P = 0.05 for all comparisons.

Results

Effect of photoperiod experienced by parents on diapause
incidence among progeny

The incidence of diapause among progeny was significant-
ly affected by the photoperiod experienced by parents
(F = 29.71, df = 6, P = 0.0000), parental status (diapausing or

non-diapausing) (F = 28.12, df = 1, P = 0.0000) and their inter-
action (F = 2.85, df = 6, P = 0.0272) (fig. 2, Table S1).

When parents were exposed to different photoperiods, the
parental diapause incidence gradually decreased from LD
10:14 to LD 12:12 (from 50.7 to 43.8%) and gradually increased
from LD 12:12 to LD 16:8 (from 49.6 to 82.6%) (fig. 2a). There
were significant differences among photoperiods in parental
diapause incidence (F = 53.03, df = 6,14, P < 0.001). However,
the incidence of diapause among the progeny from both non-
diapausing and diapausing parents showed a gradual increase
when the parental rearing photoperiod changed from LD
10:14 to LD 12:12 (from 26.7 to 36.4% when produced by non-
diapausing parents and from 35.6 to 46.3%when produced by

Fig. 2. Parental diapause incidence in Colaphellus bowringi when parental larvae were reared under different photoperiods at 25°C (a).
Diapause incidence in progeny under LD 12:12 at 25°C (b) when their non-diapausing (ND) and diapausing (D) parents experienced
different photoperiods. Error bars indicate SD. Values with different lowercase letters are significantly different for different
photoperiods and types at the 0.05 level (n = 205–235 for each treatment).
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diapausing parents) and a gradual decreasewhen the parental
rearing photoperiod changed from LD 12:12 to LD 16:8 (from
32.3 to 22.7% when produced by non-diapausing parents and
from 29.3.3 to 20.0% when produced by diapausing parents)
(fig. 2b). This result shows that the incidence of diapause
among progeny was exactly opposite to that of their parents,
i.e., the higher the parental diapause incidence, the lower the
diapause incidence among their progeny. There were signifi-
cant differences in diapause incidence among progeny (for
non-diapausing progeny: F = 8.04, df = 6,14, P < 0.001; for dia-
pausing progeny: F = 24.69, df = 6,14, P < 0.001) (fig. 2b). The
incidence of diapause among progeny from diapausing par-
ents was generally higher than that among progeny from non-

diapausing parents, with significant differences when their
parents experienced the shorter photoperiods from LD 10:14
to LD 13:11 (P < 0.05).

Effect of temperature experienced by parents on the incidence of
diapause among progeny

The diapause incidence among progeny was significantly
affected by the temperature experienced by parents
(F = 54.36, df = 5, P = 0.0000) and by the interaction between
the temperature experienced by parents and parental status
(diapausing or non-diapausing) (F = 10.50, df = 3, P = 0.0005)
(fig. 3, Table S2).

Fig. 3. Parental diapause incidence of Colaphellus bowringi when parental larvae were reared under LD 12:12 at 22, 25, 28, and 30°C (a).
Diapause incidence among under LD 12:12 at 25°C when their non-diapausing (ND) and diapausing (D) parents experienced different
temperatures (b). Error bars indicate SD. Values with different lowercase letters are significantly different at the 0.05 level (n = 198–225
for each treatment).
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The rearing temperature had a significant influence on par-
ental diapause incidence (F = 74.35, df = 3,8, P < 0.001), which
decreased gradually (from 62.7 to 9.5%) with increasing rear-
ing temperature from 22 to 30°C (fig. 3a). However, the dia-
pause incidence in progeny from both non-diapausing and
diapausing parents showed a significant increase (from 11.6
to 48.6% when produced by non-diapause parents and from
27.3 to 41.7% when produced by diapause parents) with in-
creasing parental rearing temperature (for non-diapausing
progeny: F = 74.02, df = 3,8, P < 0.001; for diapausing progeny:
F = 7.01, df = 3,8, P < 0.001) (fig. 3b). This indicates that the in-
cidence of diapause among progeny was exactly opposite to
that of their parents (fig. 3b). The incidence of diapause in pro-
geny from diapausing parents was significantly higher than
that in progeny from non-diapausing parents when their par-
ents were reared at 22°C (P < 0.05) but lower when their par-
ents were reared at the higher temperatures of 28 and 30°C
without showing significant differences (P > 0.05).

Effect of temperature experienced by diapausing parents on
diapause incidence among progeny

The incidence of diapause among progeny was significant-
ly affected by photoperiod (F = 21.10, df = 5, P = 0.0000), tem-
perature experienced by parents (F = 22.53, df = 2, P = 0.0000)
and their interaction (F = 2.24, df = 10, P = 0.0353) (fig. 4,
Table S3).

By maintaining the diapausing adults at different tempera-
tures and then exposing their progeny to different photoper-
iods, the incidence of diapause among their progeny
significantly changed with increasing photoperiod under all
temperatures experienced by the parents (for the constant tem-
perature of 9°C: F = 14.98, df = 5,12, P < 0.001; for the constant
temperature of 28°C: F = 5.72, df = 5,12, P < 0.05; for the daily
mean temperature of 27.84°C: F = 4.76, df = 5,12, P < 0.05)

(fig. 4). The incidence of diapause among progeny was higher
when their parents experienced high temperatures (28 and
27.84°C) than when they experienced low temperatures
(9°C), with significant differences for the short day lengths of
10 and 11 h (P < 0.05). However, the diapause incidence
among progeny did not significantly differ between 28 and
27.84°C (P > 0.05).

Discussion

To our knowledge, few studies have tested parental effects
on diapause under a wide range of photoperiodic and tem-
perature conditions, likely because of the difficulty and time
required to collect the data. The results we present here reveal
how the photoperiod and temperature experienced by parents
affect the incidence of diapause in their progeny.

In the parental photoperiodic experiment, the parental gen-
eration of C. bowringi exhibited a short-day response (fig. 2a),
in support of previous research findings (Xue et al., 2002b). In
the parental temperature experiment, we observed that paren-
tal diapause incidence significantly decreased with increasing
rearing temperature (fig. 3a), which is consistent with previ-
ous research findings showing that the higher the tempera-
ture, the stronger the influence of short days (Xue et al.,
2002b). Interestingly, in both experiments, the incidence of dia-
pause among progeny was exactly opposite to that of their
parents, i.e., the higher the parental diapause incidence, the
lower the progeny diapause incidence (figs 2b and 3b). We be-
lieve this to be the first report on the negative relationship of
diapause incidence between the parental generation and the
progeny generation. This phenomenon may be explained as
follows. When exposed to a diapause-preventing photoperiod
or temperature, only a small proportion of individuals in the
parental generation that have a genetically strong tendency to
enter diapause become diapausing adults. Therefore, the

Fig. 4. Diapause incidence of Colaphellus bowringi progeny under different photoperiods at 25°C when their diapausing parents were
maintained at the constant temperatures of 9 and 28°C and under natural conditions, with a daily mean temperature of 27.84°C, under
continuous darkness for 90 days. Error bars indicate SD. Values with different lowercase letters are significantly different for the same
photoperiod at the 0.05 level (n = 178–347 for each point).
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incidence of diapause among their progeny should be accord-
ingly high when they are reared under the same conditions.
When exposed to a diapause-inducing photoperiod or tem-
perature, most individuals in the parental generation that
have a genetically weak tendency to enter diapause become
diapausing adults. Therefore, the incidence of diapause
among their progeny should be accordingly low when they
are reared under the same conditions. This case may demon-
strate frequency-dependent selection. This negative relation-
ship in diapause incidence between the parental generation
and the progeny generation in C. bowringimay provide useful
information for analysing field population dynamics.

In the two experiments, the post-diapause adults produced
both non-diapausing and diapausing parents under different
photoperiods and different temperatures. We found that the
diapause incidence among progeny produced by non-
diapausing parents was significantly lower than that among
progeny produced by diapausing parents when the parents
were reared under the day lengths of 10, 11, 12 and 13 h
(diapause-preventing day lengths), whereas the incidence of
diapause among progeny produced by non-diapausing par-
ents was higher than that among progeny produced by dia-
pausing parents when the parents were reared at the higher
temperatures of 28 and 30°C (diapause-preventing tempera-
tures). This suggests that the photoperiodic and temperature
controls of diapause inductions in C. bowringimay have differ-
ent genetic bases (Xue et al., 2002b).

In the third experiment, it is notable that the diapause-
maintaining temperatures that diapausing parents experi-
enced had a significant effect on the incidence of diapause in
progeny, with the incidence of diapause in progeny being
higher when their parents experienced high temperatures
than when their parents experienced the lower temperature.
Therefore, exposure to diapause-maintaining temperatures
in the parental generation is the principal factor that may in-
duce distinct physiological preparations (Danks, 1991;
Denlinger, 1991) and result in differences in diapause inci-
dence in the parental generation and progeny generation.
Further study of the physiology of this beetle may aid in the
understanding of these phenomena.

Previous studies have demonstrated that C. bowringi is a
species composed of several types of individuals with differ-
ent diapause potentials, showing distinct variation in dia-
pause induction and diapause duration among individuals
(Xue & Kallenborn, 1993; Xue et al., 2002a; Wei et al., 2010).
In the three present experiments related to diapause induction,
total emergencewas never achieved (figs 2a and 3a and 4), and
some individuals always entered diapause regardless of the
rearing photoperiod and temperature, further suggesting
that the onset of diapause in these individuals is independent
of the environment. The adaptive advantage of such a repro-
ductive strategy is that it prevents the situation in which indi-
viduals have ‘placed all their eggs into one basket’ and subjects
them all simultaneously to the possibility of meeting un-
favourable environmental conditions (Waldbauer, 1978;
Wise, 1980; Xue & Kallenborn, 1993). Thus, their chances of
survival are increased.

Supplementary material

The supplementary material for this article can be found at
https://doi.org/10.1017/S0007485318000019
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