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Abstract. Photoperiodic responses and their adaptive significance were examined in Riptortus clavatus (Heteroptera: Alydidae),
Plautia crossota stali, Dolycoris baccarum, Aelia fieberi, Nezara viridula, Nezara antemnata, Graphosoma rubrolineatum,
Dybowskyia reticulata, and Eurydema rugosum (Heteroptera: Pentatomidae) in the Kyoto-Osaka area, central Japan. All of these spe-
cies overwinter as adults in diapause. Although they have similar feeding habits, their photoperiodic responses were quite different.
Riptortus clavatus, P. c. stali, D. baccarum and N. viridula showed long-day photoperiodic responses with critical daylengths
between 13 and 14 h, and were assumed to have three generations per year. The photoperiodic responses of the other five species
were different both from those of the above species and from each other. These results suggested that A. fieberi and N. antennata pro-
duce two generations per year, and G. rubrolineatum, D. reticulata and E. rugosum have one or two generations per year. Nezara
antennata showed a long-day-short-day photoperiodic response with summer adult diapause, which may avoid production of heat-
susceptible nymphs in the hottest season. With the exception of N. antennata, the photoperiodic responses resulting in fewer genera-

tions were shown to be adaptations to dietary conditions in the field.

INTRODUCTION

Since Danilevskii (1961) first showed geographical
variations in photoperiodic responses and their ecological
significance in insects, many studies have shown that
there is a geographical cline in the critical daylength of
photoperiodic responses. In insects with long-day photo-
periodic responses for the induction of winter diapause,
critical daylengths for the induction of diapause show a
positive correlation with latitude. In higher latitude
regions where winter arrives earlier, insects must enter
diapause earlier, and therefore have longer critical day-
lengths (Danilevskii, 1961; Tauber et al., 1986; Danks,
1987). Consequently, although a few exceptions have
been reported (e. g., Tauber & Tauber, 1972, 1977),
closely related species in the same locality are generally
expected to have similar photoperiodic responses, with
similar critical daylengths.

There are many heteropterans that feed on plant seeds
in the Kyoto-Osaka area (about 35°N), central Japan. This
mini-review addresses whether they have similar photo-
periodic responses and life cycles. Here, we describe pho-
toperiodic responses in nine of these species and discuss
their adaptive significance. All of these species over-
winter as adults in diapause, and are classified as Pentato-
midae, except Riptortus clavatus which belongs to the
Alydidae. All observations in the field and the collection
of insects for laboratory experiments were made in the
Kyoto-Osaka area. In the following sections, “diapause
incidence” is that of female adults.

PHOTOPERIODIC RESPONSES AND LIFE CYCLES

The bean bug, Riptortus clavatus (Thunberg)

This species feeds on the seeds of legumes and some
other plants (Tomokuni et al., 1993; Panizzi et al.,
2000a). In the Kyoto-Osaka area, R. clavatus produces
three generations per year, and adults emerging in Sep-
tember enter diapause.

The induction of adult diapause is controlled by photo-
period. Under long-day conditions at 25°C, female adults
develop their ovaries promptly after emergence and lay
eggs. Under short-day conditions, however, they enter
diapause, with a suppression of ovarian development.
Continuous darkness and extreme short-day conditions
have effects similar to long-day conditions (Numata &
Hidaka, 1982).

We determined the photoperiodic response curve of R.
clavatus at 25°C, on two occasions, using insects from
the same locality, i. e., the northern part of Kyoto City
(35.0°N, 135.8°E). Under 4L : 20D, none of the females
entered diapause in the first experiment (Numata &
Hidaka, 1982), whercas 87% entered diapause in the
second experiment (Kobayashi & Numata, 1993).
Although this response was classified as type III by Beck
(1980), it is ecologically equivalent to a long-day photo-
periodic response of type I, because no daylength shorter
than 10 h is ever encountered by insects living in natural
conditions (Tauber et al., 1986). The results under 4L :
20D were markedly different in the two experiments. This
discrepancy probably reflects genetic variation between
individuals, resulting from the absence of any selection
pressure.
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Fig. 1. Photoperiodic response curves for diapause induction
in female adults of Riptortus clavatus in Kyoto (open circles
[Kobayashi & Numata, 1993], only the ecological range is
shown), Plautia crossota stali in Tawaramoto (closed circles
[Numata & Kobayashi, 1994]), and Aelia fieberi in Osaka (tri-
angles [Nakamura & Numata, 1997]) at 25°C.

Under the other photoperiodic conditions tested, how-
ever, there were no noticeable differences between the
two experiments (Numata & Hidaka, 1982; Kobayashi &
Numata, 1993), and the critical daylength in the eco-
logical range was about 13.5 h at 25°C (Fig. 1). Although
some adults failed to enter diapause even under short-day
conditions at 30°C, the critical daylength was stable at 20,
25, and 30°C (Kobayashi & Numata, 1993). If we assume
that this species responds to daylength including 0.5 h
twilight in the field, the critical daylength is equivalent to
the daylength at 35°N in late August, and this photoperi-
odic response explains the emergence of diapause adults
in September in the field.

The brown-winged green bug, Plautia crossota stali
Scott

This is a polyphagous species that feeds on the seeds of
various plants, such as cherry, mulberry and cypress
(Tomokuni et al., 1993; Panizzi et al., 2000b). The induc-
tion of adult diapause is controlled by photoperiod
(Kotaki & Yagi, 1987). The photoperiodic response curve
was similar to that of R. clavatus and the ecologically
critical daylength was also about 13.5 h at 25°C in a
population from Tawaramoto, Nara Prefecture, (34.5°N,
135.8°E) (Numata & Kobayashi, 1994). We assume that
P. c. stali also produces three generations per year in the
Kyoto-Osaka area, and that adults emerging in September
enter diapause.

The berry bug, Dolycoris baccarum (L.)

This species is also polyphagous and feeds on the seeds
of various plants, such as legumes, crucifers, grasses and
composites (Tomokuni et al., 1993; Panizzi et al., 2000b).
Babrakzai & Hodek (1987) reported that adult diapause
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was induced by a short-day photoperiod in a Czech popu-
lation of this species. Insects collected in Osaka City
(34.7°N, 135.5°E) also showed a long-day photoperiodic
response, and the critical daylength was slightly longer
than 13 h at 25°C (Nakamura & Numata, in preparation).
Although the critical daylength was a little shorter than
those of R. clavatus and P. c. stali, the life cycle of D.
baccarum in the Kyoto-Osaka area is considered to be
similar to that of these two species.

Aelia fieberi Scott

This species feeds on the seeds of grasses (Tomokuni et
al., 1993). The induction of adult diapause is controlled
by a long-day photoperiodic response. However, the
critical daylength for the induction of diapause was about
14.5 h at 25°C in a population from Osaka City (Fig. 1)
(Nakamura & Numata, 1997), which is longer by 1 h than
those of R. clavatus and P. c. stali and corresponds to the
daylength in late July at 35°N, including 0.5 h twilight.

Our field observations, and an examination of ovarian
development in field-collected insects, showed that 4. fie-
beri produces two generations per year and that adults of
the second generation enter diapause in August, although
subsequent temperatures seemed to be sufficient to pro-
duce another generation. Some eggs were placed outdoors
in August, when wild adults had already entered
diapause, and the hatching nymphs were reared on wheat
seeds. Adults emerged in September and carly October,
and most of them overwintered (Nakamura & Numata,
1997). Therefore, temperature in autumn is not the factor
that prevents reproduction by A. fieberi in August.

Seeding grasses were observed in the field from March
to November, but no single plant species produced seeds
throughout this period. We can clearly divide the
observed plants into two groups. In one group, the sceds
are produced in spring and early summer, i.e., Poa annua,
Bromus catharticus, Agropyron tsukushiense, Dactylis
glomerata, Lolium multiflorum and Avena fatua, whereas
the plants in the other group produce seeds in summer
and autumn, i.e., Setaria viridis, Eleusine indica and
Digitaria ciliaris (Fig. 2) (Nakamura & Numata, 1997).
Although seeds of grasses were present continuously
from carly spring to late autumn, the identity of the main
host plants in nature and the nutritive values of seeds of
various grasses to A. fieberi were unclear. Therefore,
nymphal development of A. fieberi was measured by
feeding them on the seeds of various grasses under 12L :
12D at 25°C. Adults emerged successfully on the seeds of
grasses producing seeds in spring and early summer
within the exception of A. fatua. When reared on the
seeds of grasses producing seeds in summer and autumn,
however, most nymphs died in the second instar and no
adults emerged (Fig. 2) (Nakamura & Numata, 1997).

All suitable host species of grass produce their seeds
exclusively in spring and early summer, and thus no suit-
able food is available for A. fieberi in autumn. Poor food
availability in autumn appears to be the ultimate factor for
determining diapause induction before September. In
response to this selection pressure, A. fieberi has evolved
a longer critical daylength for the induction of diapause.
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Fig. 2. Seasonal occurrence of grass seeds in the field in Osaka, Japan and their suitability as food for Aelia fieberi (altered from
Nakamura & Numata, 1997). Numerals indicate the percentage adult emergence when nymphs were reared on seeds from each spe-

cies.

The southern green stink bug, Nezara viridula (L.)

This is a highly polyphagous species that feeds on
seeds of various plants, such as legumes, grasses and cru-
cifers (Todd, 1989; Tomokuni et al., 1993; Panizzi ct al.,
2000b). Nezara viridula has a worldwide distribution
throughout tropical and subtropical regions (Todd, 1989;
Panizzi et al., 2000b). It occurs only in the southern part
of Japan, and the northern limit of its distribution in
1961-1962 was reported to be about 70 km south from
Osaka City (Kiritani et al., 1963). However, this species
is now common in Osaka City. Hence, over this period of
40 years, the species has extended its distribution north-
ward.

Ali & Ewiess (1977) showed a long-day photoperiodic
response for the induction of adult diapause in an Egyp-
tian population of N. viridula, and the critical daylength
was about 12 h at 25°C. Insects collected in Osaka City
also showed a long-day photoperiodic response with a
critical daylength slightly longer than 13 h at 25°C. How-
ever, some adults reproduced even under 12L : 12D, and
the results under 12L : 12D and 13L : 11D showed wide
variation between three replicates of the experiment
(Musolin & Numata, in preparation). The critical day-
length is similar to that for D. baccarum and slightly
shorter than for R. clavatus and P. c. stali. The observa-
tion that reproduction is induced under 12L : 12D in some
individuals may reflect the subtropical origin of N.
viridula and its recent invasion of this region.

However, it is still unclear whether adults of N. viridula
overwinter in Osaka or migrate from overwintering sites
further south, their progeny failing to survive in this
region cach winter.

The Oriental green stink bug, Nezara antennata Scott

This species is closely related to N. viridula, but it has a
more northerly distribution in Japan (Kiritani et al.,
1963). Nezara antennata produces two gencrations per
year in the southern part of Wakayama Prefecture (Kiri-
tani et al., 1963), and our field observations in Kyoto City
were consistent with this.

Noda (1984) showed that a change from a long to a
short photoperiod at adult emergence induced earlier ovi-
position in N. antennata in Ibaraki Prefecture, Japan. The
photoperiodic response at 25°C was examined in insects
collected in Kyoto City. In contrast to the above five spe-
cies, adults of N. antennata entered diapause even under a
long-day photoperiod. Only when adults were transferred
from a long- to a short-day photoperiod was prompt ovi-
position induced. Thus, this species shows a long-day-
short-day photoperiodic response (Numata, unpublished).
Because overwintering adults lay eggs in May and June
(Kiritani et al., 1963), nymphs of the first generation
develop under long-day conditions, enter summer dia-
pause as adults, and begin to lay eggs only after a
decrease in daylength. Then, nymphs of the second gen-
cration develop under short-day conditions, and enter
winter diapause as adults. With this photoperiodic
response, N. antennata produces the second generation
only after the daylength becomes shorter, and hence this
species never produces a third generation, even in an
extraordinarily warm year. It is concluded that a long-
day-short-day photoperiodic response ensures a bivoltine
life cycle in N. antennata.

Nezara antennata is also polyphagous, like N. viridula
(Tomokuni et al.,, 1993; Panizzi et al., 2000b), which
shows a long-day photoperiodic response and does not
enter diapause in summer. It is, therefore, unlikely that
summer diapause in N. antennata is related to the phe-
nology of its host plants. In contrast to N. viridula,
nymphs of this species are not tolerant of high tempera-
tures, with a nymphal mortality of 68% at 30°C (Kariya,
1961). Therefore, the induction of summer diapause in
response to a long-day photoperiod may serve to prevent
useless production of nymphs in the hottest season.

Graphosoma rubrolineatum (Westwood)

This species feeds on the seeds of Umbelliferac
(Tomokuni et al., 1993). The photoperiodic response of a
population from Osaka City was examined. Some females
showed a long-day photoperiodic response for the induc-

157



100

50

Diapause incidence (%)

Ot

12 13 14 15 16 17 18
Photophase (h/day)

Fig. 3. Photoperiodic response curves for diapause induction
in female adults of Graphosoma rubrolineatum in Osaka (open
circles [Nakamura & Numata, 1999]) and Dybowskyia reticu-
lata in Osaka (closed circles [Nakamura & Numata, 1998]) at
25°C.

tion of adult diapause, and the critical daylength was
about 14.5 h at 25°C. However, more than 50% of female
adults entered diapause under all photoperiodic condi-
tions tested (Fig. 3) (Nakamura & Numata, 1999). It was
suggested, therefore, that some adults of the first genera-
tion that have developed under long-day conditions pro-
duce the second generation, whereas others enter
diapause and overwinter.

In the plains of Osaka, Torilis japonica and T. scabra
(Umbelliferac) produce seeds only in early summer, and
these seeds have dried up and fallen to the soil by
autumn. No other wild umbellifers were observed. There-
fore, seeds of host plants are available only during a lim-
ited period around ecarly summer. Therefore, the carly
induction of diapause in G. rubrolineatum is adapted to
the subsequent absence of host seeds. However, the pho-
toperiodic response does not reflect a strictly univoltine
life cycle, but suggests that part of the population pro-
duces a second generation. As cultivated umbellifers such
as Foeniculum vulgare sometimes produce seeds in mid-
summer or later, it is possible that adults of the first gen-
cration find such seeds and reproduce on them. Alterna-
tively, reproductive adults may migrate to higher eleva-
tions where seeds of wild umbellifers are available longer
than on the plains of Osaka.

As the critical daylength is about 14.5 h in individuals
with a photoperiodic response, insects of the second gen-
eration develop under daylengths shorter than the critical
value and enter diapause like those of A. fieberi. There-
fore, we believe that G. rubrolineatum has a partially
bivoltine life cycle in the Kyoto-Osaka area.

Dybowskyia reticulata (Dallas)

This species also feeds on the seeds of Umbelliferae
(Tomokuni et al., 1993). The photoperiodic response was
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Fig. 4. Effects of temperature and photoperiod on diapause
induction in female adults of Dybowskyia reticulata in Osaka
(adapted from Nakamura & Numata, 1998). Open circles, 16L
:8D; closed circles, 12L : 12D.

examined in insccts collected in Osaka City. At 25°C,
more than 80% of female adults entered diapause under
all photoperiodic conditions tested (Fig. 3) (Nakamura &
Numata, 1998). The results indicated that this species has
a primarily univoltine life cycle.

At 27.5 and 30°C, however, most adults raised under a
long-day photoperiod of 16L : 8D did not enter diapause,
whilst those raised under a short-day photoperiod of 12L :
12D entered diapause (Fig. 4) (Nakamura & Numata,
1998). Therefore, D. reticulata shows a long-day photo-
periodic response only at higher temperatures, and the
threshold temperature was between 25 and 27.5°C. When
reared under outdoor conditions in 1993, when the
summer temperatures were not very high, most adults of
the first generation entered diapause in late July.
However, in the warmer summer of 1996, oviposition
was recorded in many females that emerged as adults
from July to early August, when mean daily temperatures
were always above the threshold (Nakamura & Numata,
1998).

Therefore, although seeds of the host plants occur in a
restricted period from early summer to early autumn, D.
reticulata may produce a second generation in warmer
years. It may then complete two generations whilst seeds
of the host plants are available. The response to tempera-
ture with a threshold of between 25 and 27.5°C, causes a
switch between univoltine and bivoltine life cycles.

The cabbage bug, Eurydema rugosum Motschulsky

The host plants of E. rugosum are crucifers (Tomokuni
et al., 1993; Panizzi et al., 2000b). Although the nymphs
of the previous by discussed eight species develop only
on the seeds of their host plants, the nymphs of E.
rugosum develop not only on seeds, but also on the leaves
of crucifers. When reared on the leaves of oilseed rape,
Brassica napus, this species also showed a long-day pho-



100

Diapause incidence (%)
[¥)]
S
........................
..........................

HOQQ|
16L:8D

10L:14D

Fig. 5. Effect of food and photoperiod on diapause induction
in female adults of Eurvdema rugosum in Osaka at 25°C
(altered from Numata & Yamamoto, 1990). Seeds (open col-
umns) or leaves (dotted columns) of oilseed rape were supplied
as food.

toperiodic response for the induction of adult diapause at
25°C. That is, most adults raised under 16L : 8D became
reproductive, whereas all adults entered diapause under
10L : 14D. When seeds of the same plant were given as
food, however, all adults raised under 10L : 14D, and
79% of adults raised under 16L : 8D entered diapause
(Fig. 5) (Numata & Yamamoto, 1990). In this species,
therefore, not only photoperiod, but also dietary condi-
tions play a decisive role in the induction of diapause.
Although the photoperiodic response curve on leaves has
not been determined in E. rugosum, the critical daylength
is longer than 13 h, because all adults entered diapause
when raised on leaves of oilseed rape under 13L : 11D at
25°C (Ikeda-Kikue & Numata, unpublished).

In the field, some crucifers bloom in early spring, their
seeds mature, and either the whole plant dies by late
spring, or the above-ground parts of most plants die in
early summer. During summer, the vegetative parts of
these species disappear. Other crucifers have green leaves
all year round, and are continuously present as potential
food sources for insects (Yano & Ohsaki, 1993). In the
field, first generation adults of E. rugosum emerged from
mid-June and most entered diapause on brown mustard,
Brassica juncea. This plant bloomed in early spring and
the plants died by early summer. On the other hand, culti-
vated crucifers such as radish, Raphanus sativus var.
hortensis, and cabbage, Brassica oleracea var. capitata,
retained green leaves all year round. Most adults of the
first generation reproduced on these plants and adults of
the second generation emerging in September, entered
diapause (Ikeda-Kikue & Numata, 2001).

Eggs of E. rugosum were reared under natural condi-
tions of photoperiod and temperature in Osaka City, in
early May, when overwintering adults reproduced in the
field. The nymphs were reared on seeds or leaves of oil-
seed rape. Adults emerged in late June on both seeds and
leaves. Most adults raised on seeds entered diapause,

whereas most adults raised on leaves reproduced as they
were reared under a long-day photoperiod in the labora-
tory. Eggs were then placed under natural conditions of
photoperiod and temperature in late July, when adults of
the first generation were laying eggs in vegetable plots in
the field. Leaves of oilseed rape were supplied as food.
Adults emerged from late August, when the adults of the
second generation emerged in the field, and most of them
entered diapause (Ikeda-Kikue & Numata, 2001).

These results indicate that diapause in E. rugosum is
induced at different times of the year on different host
plants, and thus the phenology of the host plants affects
the life cycle of E. rugosum. Diapause induced on seeds
under long-day conditions is not terminated by supplying
leaves as a food source (Ikeda-Kikue & Numata, 1994). It
is unlikely, therefore, that diapause adults of the first gen-
eration, which have developed on brown mustard, migrate
to other host plants and produce a second generation.

Therefore, E. rugosum shows either a univoltine or
bivoltine life cycle, depending on the phenology of its
host plant. When, after overwintering, adults lay eggs on
host plants that bloom in early spring, mature their seeds
and die by early summer, most adults of the first genera-
tion enter diapause. In contrast, when such adults lay eggs
on host plants that have green foliage all year round, most
adults of the first gencration avoid diapause to produce a
second generation, and all adults of the second generation
enter diapause.

DISCUSSION

Fig. 6 summarizes the life cycles of the nine seed-
sucking bugs described above. Their life cycles are classi-
fied into three types based on the numbers of generations.
The type A life cycle is characterized by three generations
per year. Riptortus clavatus shows this type of scasonal
pattern. This species has a long-day photoperiodic
response with a critical daylength of about 13.5 h, pro-
duces three generations per year, and enters diapause in
September. Plautia crossota stali and D. baccarum show
similar photoperiodic responses and probably have this
type of life cycle. Although it is still unclear whether V.
viridula is established already in the Kyoto-Osaka area, it
shows a similar photoperiodic response and may produce
three or more generations per year. The critical daylength
for the induction of adult diapause is also between 13 and
14 h in Eysacoris ventralis (Pentatomidae) in Izumo
(35°N) (Noda & Ishii, 1981) and Cletus punctiger (Corei-
dae) in Tsukuba (36°N) (Ito, 1988). These species may
also have the type A life cycle. Abiotic conditions in cen-
tral Japan support this type of life cycle in seed-sucking
bugs as long as there are no specific adverse conditions
such as absence of suitable food or high temperatures
lethal to the nymphs.

Type B is a bivoltine life cycle, and the life cycles of 4.
fieberi and N. antennata arc in this category. However,
patterns of seasonal development and photoperiodic
response differ between these species. Thus, the type B
life cycle is subdivided into type B, and type B; (Fig. 6).
A. fieberi (type Bi) has a longer critical daylength and
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enters diapause earlier than the species with a type A life
cycle. This early induction of diapause is an adaptation to
the absence of suitable food sources in autumn. In con-
trast, N. antennata (type B.) shows a long-day-short-day
photoperiodic response, with both summer and winter
diapause in the adult stage. Because adults of the first
generation enter summer diapause, adult emergence of the
second generation is delayed until the period when adults
of the third generation of the species with type A life
cycles appear. This summer diapause seems to be an
adaptation to adverse abiotic conditions.

The type C life cycle has one or two generations per
year, and the life cycles of G. rubrolineatum, D. reticu-
lata and E. rugosum are of this type. In G. rubrolineatum,
only part of the population shows a long-day photoperi-
odic response. Some first generation adults produce a
second generation, whereas others enter diapause and
overwinter (type Ci) (Fig. 6). Diapause and non-diapause
adults may occur simultancously in the same place. On
the other hand, D. reticulata and E. rugosum alternate
between univoltine and bivoltine life cycles (type C»)
(Fig. 6). Both species switch between the two patterns,
although the proximate factors determining this switch
are different. In D. reticulata, adults of the first genera-
tion produce a second generation in warmer years,
because high temperatures allow two generations within
the restricted period when host plant seeds are available.
In this species, the number of generations differs between
years. However, the number of generations of E. rugosum
depends on the phenology of the plants on which the
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adults lay eggs after overwintering, because development
on leaves averts diapause in the subsequent adults,
whereas adults raised on seeds enter diapause. This is an
adaptation to the two patterns of host plant phenology.

In conclusion, closely related species of seed-sucking
bugs from the same locality do not always have similar
photoperiodic responses with similar critical daylengths
(Tauber et al., 1986). Five of the nine species discussed
here have life cycles that are different from the most
common pattern (type A). The ultimate factor responsible
for the production of less than three generations per year
seems to be related to dietary conditions, except in N.
antennata. These results therefore emphasize the impor-
tance of dictary constraints in the evolution of life cycles
(Masaki, 1980; Danks 1987).
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