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Abstract
The relationship between the temperature and developmental period was investigated in an egg parasitoid, Trissolcus japoni-
cus (Ashmead) (Hymenoptera: Scelionidae), reared on eggs of the fruit-piercing stink bug Glaucias subpunctatus (Walker) 
(Hemiptera: Pentatomidae). Adults of Tr. japonicus steadily emerged under 22, 25, 28, and 31°C conditions, and their nor-
mal development was affected under 18 and 34°C conditions. From these results, the developmental zero temperatures for 
females and males were estimated to be 12.43 and 11.65 °C, respectively. The calculated effective cumulative temperatures 
in females and males were 153.85 and 140.85 degree-days, respectively. Females fully matured in 3 days after emergence, 
and could lay 80.4 eggs throughout their lifetime. Based on these results, the relationship between the life histories of this 
parasitoid and G. subpunctatus was discussed.
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Introduction

Fruit-piercing stink bugs are important pests that cause 
damage to various fruits (Tsutsumi 2001). Three species of 
Pentatomidae, Plautia stali Scott, Glaucias subpunctatus 
(Walker), and Halyomorpha halys (Stål), are the principal 
pests in Japan (Kiritani 2007). They grow mainly on cones 
of Japanese cedar Cryptomeria japonica D. Don (Pinales: 
Cupressaceae) and cypress Chamaecyparis obtusa Sieb. 
et Zucc. (Pinales: Cupressaceae) (Oda et al. 1981; Tanaka 
1979). After the cones become unsuitable for food due to the 
disappearance of endosperm or the embryo by their suck-
ing, the fruit-piercing stink bugs fly to orchards (Takimoto 
and Ogasawara 2003; Tsutsumi 2001). Since the extent of 
damage caused by fruit-piercing stink bugs depends on the 
shortage of food in montane forests, it is an effective control 
measure to spray chemicals after confirming the arrival of 
the bugs in an orchard (Suzuki 2005). However, continuous 
spraying of chemicals due to frequent fruit-piercing stink 

bugs increases the labor and economic burden of produc-
ers. It is also responsible for the resurgence of spider mites 
and scale insects due to the reduction of natural enemies in 
orchards (Tsutsumi 2003).

We need to examine environmentally friendly and self-
sustaining control measures, such as using natural enemies, 
and explore and evaluate the effectiveness of using them to 
control important pests (Ueno and Nakai 2009). Most spe-
cies of the genus Trissolcus Ashmead (Hymenoptera: Sce-
lionidae) are egg parasitoids of bugs of the superfamily Pen-
tatomoidea (Talamas et al. 2015, 2017). Trissolcus plautiae 
(Watanabe) is the most dominant egg parasitoid of P. stali 
and it has been investigated regarding its life history (Ohno 
1987; Toyama and Mishiro 2010). Trissolcus mitsukurii 
(Ashmead), Tr. plautiae, and Tr. comperei (Crawford) are 
known parasitoids of H. halys, and they have been studied 
regarding the influence of temperature on their development 
(Arakawa and Namura 2002). Matsuo et al. (2016) reported 
that Tr. japonicus (Ashmead) is the main natural enemy of 
G. subpunctatus. Therefore, it is possible that Tr. japonicus 
is effective as a natural measure to control G. subpunctatus, 
but its life history is poorly understood.

In this study, we investigated the relationship between the 
temperature and developmental period of Tr. japonicus to 
estimate their developmental zero and effective cumulative 
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temperatures. Furthermore, to elucidate the fecundity of Tr. 
japonicus, ovarian development and the oviposition rate at 
25°C were determined.

Materials and methods

Insects

A stock culture of Tr. japonicus was established from adults 
collected in Ogi City, Saga Prefecture in August 2014 
using G. subpunctatus egg masses. Laboratory colonies 
were maintained in 50-mL plastic tubes (3.0-cm diameter 
and 11.5-cm height) at 25 ± 1°C and 60 ± 10% RH with a 
16L: 8D photoperiod (MIR-153, SANYO Electric Co., Ltd, 
Tokyo, Japan). A drop of undiluted honey was applied to 
the inner wall every 5 days and we provided newly laid egg 
masses of G. subpunctatus for oviposition. Newly emerged 
wasps were kept together for 2 days to ensure mating, and 
they were used for testing when they were 3–5 days old. 
Since males emerge earlier than females, we obtained 
unmated females by artificially removing males before 
females emerged, and they were also used for testing when 
they were 3–5 days old.

A stock culture of G. subpunctatus was established 
from adults collected in Mie Prefecture in October 2015, 
November 2016, and October 2017. Adults were continu-
ously reared on raw peanuts (Arachis hypogaea L.) and 
water containing 0.05% L-ascorbic acid sodium salt and 
0.025% l-cysteine hydrochloride monohydrate in glass petri 
dishes (123-mm diameter × 23-mm height) at 25 ± 1°C and 
60 ± 10% RH with a 16L:8D photoperiod. Food and water 
were replaced every 3–4 days. Newly laid egg masses were 
transferred to rearing cases for nymphs (135-mm diame-
ter × 76-mm height) with a 3-cm diameter, mesh-covered 
hole containing a Morella rubra Sieb. et Zucc. twig (Fagales: 
Myricaceae) (Shimizu 2010) under the same conditions. 
Newly emerged adults were collected from the cages and 
we evenly distributed male and female pairs among adult 
rearing cages to obtain egg masses.

Developmental period and thermal requirements 
of Tr. japonicus

The effect of temperature on the developmental period and 
thermal requirements of Tr. japonicus were studied under six 
constant temperatures: 18, 22, 25, 28, 31, and 34°C. All tem-
perature treatments were conducted with a 16L: 8D photo-
period. To determine the developmental period of Tr. japoni-
cus, 1-day-old G. subpunctatus egg masses (14 eggs per 
egg mass) were exposed to 3–5-day-old mated or unmated 
females for 6 h at 25°C in 50-mL tubes. Many parasitoid 
Hymenoptera are known to reproduce parthenogenetically 

using arrhenotoky, i.e., females arise from fertilized and 
males from unfertilized eggs (Colazza 1993). Offspring 
laid by unmated females are only male; therefore, we sup-
plied male offspring by this sex determination. Females were 
then removed, and the egg masses were incubated in a mul-
tiple chamber (LH-30-8CT, Nippon Medical & Chemical 
Instruments Co., Ltd., Osaka, Japan) at each experimental 
temperature and checked every 12 h until adult emergence. 
Host eggs from which neither parasitoids nor host nymphs 
emerged were dissected to identify their contents under a 
microscope after 1 week. Eggs containing parasitoid adults 
were recorded as unemerged adults, while eggs containing 
neither parasitoid adults nor host nymphs were regarded 
as failures. Eggs from which host nymphs emerged were 
regarded as parasitized eggs and excluded from the analysis. 
We calculated the rate of parasitism on grouping male and 
female adults together because it was not possible to identify 
the sex of unemerged adults.

The development rate from oviposition to adult emer-
gence and thermal requirements of Tr. japonicus were 
evaluated. Developmental zero temperatures and effective 
cumulative temperatures [degree days (DD)] were deter-
mined from a linear regression of the developmental rate 
(the reciprocal of time spent in days from oviposition to 
adult parasitoid emergence) on temperature.

Fecundity of Tr. japonicus

The number of mature eggs in ovaries of Tr. japonicus at 
different ages after emergence was investigated. Under the 
25°C condition, female parasitoid emergence was observed 
every day and the females were distributed to the 50-mL 
tubes over time with a drop of undiluted honey attached 
to the inner wall. Each female was dissected in a drop of 
physiological saline solution placed on a petri dish. After 
the ovary had been fully dissected, a drop of 0.3% methylene 
blue that stains only mature eggs (Ohno 1987) was added. 
Each treatment was replicated 5–9 times (females). The 
number of mature eggs was determined under a microscope.

Daily reproduction of Tr. japonicus was investigated 
as follows. Newly emerging males and females were 
transferred to 50-mL tubes and kept in the incubator 
(MIR-153, SANYO Electric Co., Ltd., Tokyo, Japan) at 
25 ± 1 °C and 60 ± 10% RH with a 16L: 8D photoperiod 
and a drop of undiluted honey attached to the inner wall 
for 1 day for mating. Thereafter, a female was trans-
ferred to a 15-mL tube with a drop of undiluted honey 
attached to the inner wall and three G. subpunctatus egg 
masses (approximately 3 × 14 = 42 eggs) were supplied 
on the first day, and then two egg masses (approximately, 
2 × 14 = 28 eggs) daily from the second day until death. 
Females were allowed to oviposit for 24 h. Host eggs 
exposed to females were kept under the same conditions 
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as for incubation. They were checked daily until the 
adult emergence. Each treatment was replicated 8 times 
(females). The number and sex of emerged parasitoids 
were examined. Host eggs from which neither parasitoids 
nor host nymphs emerged were dissected to clarify their 
contents under a microscope. The net reproductive rate 
(R0, female/female) and intrinsic rate of increase (rm, 
female/female/day) were determined from the length of 
the developmental period (in days) of Tr. japonicus under 
the 25 °C condition (Table 2) using the methods of Fuji-
saki (2000).

Statistical analyses

Numbers of eggs in ovaries at different ages were analyzed 
using Tukey–Kramer’s test after ANOVA. Developmental 
periods between females and males and were compared 
using the t test corrected by the Bonferroni method. The 
PC software “Excel Statistics, ver. 2.15” (SSRI Co., Ltd.) 
was used for the calculations. Linear regression of the 
developmental rate versus temperature was carried out 
using PC software “Microsoft Excel 2016” (Microsoft 
Corporation.).

Results and discussion

Developmental period and thermal requirements 
of Tr. japonicus

Ratios of emerged adults were high at the temperatures of 
22, 25, 28, and 31 °C for both females and males (Table 1). 
Ratios of failures to develop to adulthood and unemerged 
adults were comparatively high at 18 and 34 °C, respec-
tively. Under the condition of 34 °C, a few dead adults 
(n = 4) with the head exposed outside the eggshell were 
observed, although under other temperature conditions, the 
whole body of unemerged adults was inside the eggshell. 
Such dead adults have been reported in several species 
of Trissolcus when parasitized egg masses are incubated 
under dry conditions (20–30% humidity) (Nishimoto et al. 
2015). However, the test was not conducted under such dry 
conditions because a container with water was kept in a 
multiple chamber, we considered that the high temperature 
affected adult emergence. Under the 18 °C condition, a few 
cases of failure to develop (n = 8) were observed. Such 
cases whereby no parasitoid developed were shown with 
other Scelionidae wasps under 15 °C conditions (Canto-
Silva et al. 2005), and we considered that the low tempera-
ture affected larval development.

The developmental period of both females and males 
became shorter as the temperature increased over the range 
of 18–31 °C (Table 2). Shortening of the developmental 
period accompanying an increase in temperature has been 
recorded for several species of Trissolcus (James and War-
ren 1991; Müjan and Nihal 2006; Toyama and Mishiro 
2010), and it has been suggested that Tr. japonicus exhibits 
similar characteristics. However, there were no definite 
differences in the developmental period between 31 and 
34 °C for both females and males. This result suggests 
that the developmental period reaches its peak at 34 °C; 
therefore, we excluded data for the 34 °C condition when 
calculating the thermal requirements. The developmental 
rates increased linearly with increasing temperature for 
both males and females (Fig. 1). A linear regression using 
these temperatures yielded a coefficient of determina-
tion (r2) of about 0.99 for both females and males, which 
indicated a stronger correlation. The developmental zero 
temperatures for females and males were estimated to be 
12.43 and 11.65 °C, respectively. Males, which develop 
faster than females, required 140.85 DD for development, 
whereas 153.85 DD was estimated to be the thermal 
requirement for female development. According to a field 
survey in Saga Prefecture in 2013, the oviposition period 
of G. subpunctatus was mid-June to early September (Tsu-
nashima et al. 2017). Using temperature means for Saga 
City, Saga Prefecture from June 11, 2013 to September 

Table 1  Percentages of emerged adults, unemerged adults, and failure 
to develop to adulthood of Tr. japonicus reared at various tempera-
tures on eggs of G. subpunctatus 

Temperature 
(°C)

N % emerged 
adults

% unemerged 
adults

% failure 
to develop

18 110 89.1 3.6 7.3
22 111 98.1 0.9 0.9
25 293 97.3 1.0 1.4
28 112 98.2 0.9 0.9
31 124 95.2 4.0 0.8
34 126 88.9 9.5 1.6

Table 2  Developmental periods (oviposition to emergence) of Tr. 
japonicus reared at various temperatures on eggs of G. subpunctatus 

a Asterisks show significant difference between females and males 
under each temperature condition (t test corrected by Bonferroni 
method, p < 0.05)

Tempera-
ture (°C)

Female Male

N Mean ± SE (days) N Mean ± SE (days)a

18 39 27.68 ± 0.42*a 47 23.16 ± 0.29
22 59 15.89 ± 0.32* 48 13.50 ± 0.37
25 133 11.93 ± 0.25* 154 10.44 ± 0.43
28 62 9.46 ± 0.34* 48 8.52 ± 0.34
31 71 8.38 ± 0.36* 47 7.43 ± 0.30
34 49 8.18 ± 0.52* 43 7.36 ± 0.63
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11, 2013 (Japan Meteorological Agency 2013) and devel-
opmental zero temperatures and effective cumulative 
temperatures obtained in this study, 9–10 generations of 
Tr. japonicus could occur during this period, and this is 
nearly three times the number of generations produced in 
the same period by its host G. subpunctatus (Tsunashima 
et al. 2017). It follows that Tr. japonicus produced several 
generations per one generation of its host.

Fecundity of Tr. japonicus

Newly emerged (0-day-old) females possessed about five 
mature eggs in their ovary, and this increased and reached 

its peak at 3 days, and thereafter did not change (Fig. 2). 
Ten-day-old females had the most mature eggs (35.8 eggs), 
but there was no significant difference from the 3-day-old 
females. This indicates that Tr. japonicus can have 14 eggs, 
equivalent to 1 egg mass of G. subpunctatus from the first 
day after emergence, and can lay 2 or more egg masses after 
3 days. Ohno (1987) indicated that Tr. plautiae was a syn-
ovigenic species, and that newly emerged females had only 
a few mature eggs in their ovaries, and this increased as the 
female aged. Since Tr. japonicus showed a similar pattern, 
it was suggested to be a synovigenic species.

The number of eggs laid by mated females was the 
highest (19.9 eggs) on the first day, and it declined as the 
female aged (Fig. 3). As the reason for the number of eggs 
laid on the first day after emergence exceeding the number 
of mature eggs in their ovary on that day, we considered 
that female oviposition behavior induces egg production. 
Lifetime production was 80.4 (119–27, SE = 10.4) eggs 
and the longevity of females that produced host eggs daily 
was 15.5 (30–11, SE = 2.2) days. This indicates that one 
female can lay eggs in 5–6 G. subpuctatus egg masses con-
sisting of 14 eggs throughout its lifetime. Out of the num-
ber of emerged and unemerged adults described above, 
the number of female offspring per mated female was the 
highest on the first day, and it declined as females aged, 
while the number of male offspring did not fluctuate so 
much (Fig. 4). That is, the sex ratio was higher as females 
aged. Similar results were reported for other species, Tr. 
plautiae and Tr. grandis Thomson (Ohno 1987; Amir-
Maafi and Parker 2011). The net reproductive rate (R0) and 
intrinsic rate of natural increase (rm) were 46.1 and 0.25, 

Fig. 1  Developmental rate of Tr. japonicus for (a) females and (b) 
males at six constant temperatures. Linear regression equations and 
coefficient of determination (r2) for Tr. japonicus reared on eggs of G. 

subpunctatus were calculated from the values at the temperatures of 
18, 22, 25, 28, and 31 °C

Fig. 2  Age-specific egg production (± SE) of Tr. japonicus at 25 °C. 
Values followed by the same letters are not significantly different 
(Tukey–Kramer test, p < 0.01)
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respectively. Trissolcus japonicus had lower values of both 
R0 and rm than other Scelionidae; Tr. grandis had  R0 of 
147.9 and rm of 0.342 on eggs of Eurygaster integriceps 
Puton (Hemiptera: Scutelleridae) under 25 °C conditions 
(Amir-Maafi and Parker 2011) and Tr. plautiae had  R0 
103 under 25 °C (Ohno 1987), although Tr. semistriatus 
Nees had similar values for both R0 48.8 and rm 0.27 under 
26 °C conditions (Müjan and Nihal 2006). Arakawa et al. 
(2004) indicated that the fecundity of Tr. mitsukurii was 
affected by the host species. Trissolcus japonicus para-
sitizes not only G. subpunctatus, but also P. stali and H. 
halys (Matsuo et al. 2014, 2016); therefore, it is necessary 
to investigate whether these stink bugs affect the parasitoid 
life history.
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