
INTRODUCTION

The small brown planthopper, Laodelphax stri-
atellus (Fallén), is a major insect pest of rice in
East Asia. This species transmits Rice stripe virus
to rice plants, and causes rice stripe disease (Kuri-
bayashi, 1931a; Kisimoto and Yamada, 1998). An
outbreak of this disease was first recorded in
Nagano Prefecture, central Japan in 1903 (Kuri-
bayashi, 1931b). Large outbreaks of the disease oc-
curred mainly in the Kanto region in 1977 and
1984 (Shinkai, 1985). After these outbreaks, the
total occurrence area continuously decreased to
15,000 ha by 2000 (Ministry of Agriculture,
Forestry and Fisheries (MAFF), 2009); however,

the occurrence area of rice stripe disease has re-
cently shown an increasing trend (MAFF, 2009).
The viruliferous rate of L. striatellus in Kyushu re-
gion, western Japan, has also indicated an increas-
ing trend since 2000, and had an average value
around 5% in 2008, and over 10% at some points
within the region (Matsumura and Otuka, 2009).

Meanwhile, on the other side of the East China
Sea, L. striatellus and rice stripe disease have been
increasing since 2000 in southeastern provinces,
such as Jiangsu and Zhejiang, China (Sogawa,
2005; Zhu, 2006; Wang et al., 2008).

Since L. striatellus is able to overwinter in tem-
perate zones, including all regions in Japan, by dia-
pausing as third- or fourth-instar nymphs (Ito and
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Abstract
The small brown planthopper, Laodelphax striatellus (Fallén), is one of the major insect pests of rice in East Asia.
This species is known as a vector insect of Rice stripe virus, and has been believed to show strong indigenousness, un-
like other migratory rice planthoppers, the brown planthopper and the whitebacked planthopper. Large trap catches of
L. striatellus with high viruliferous rates were recorded in western Japan on a windy day in early June 2008, and sub-
sequently, rice stripe diseases spread in these regions. The migration source was estimated using backward trajectory
analysis, and found to be Jiangsu Province, China. Laodelphax striatellus with high viruliferous rates and rice stripe
diseases has occurred markedly throughout Jiangsu Province since 2004, and early June is the wheat harvest season,
which could serve as a stimulus for planthopper emigration. Insecticide susceptibility of populations collected in rice
fields both in western Japan and Jiangsu were compared by a topical application method. Both Chinese and immigrant
populations showed resistance only against imidacloprid, whereas Japanese local populations showed resistance only
against fipronil. Collectively, this evidence suggested that the overseas migration of viruliferous L. striatellus from
China to western Japan occurred and subsequently caused rice stripe diseases in the areas to which insects immi-
grated.
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Okada, 1985; Noda, 1990), outbreaks of rice stripe
disease in Japan have been believed to be caused
by domestic populations of L. striatellus. A few re-
ports have implied that overseas migration and
subsequent outbreak of rice stripe disease might
have occurred in the western Kyushu region in
1985 (Fukamachi et al., 1986; Kimura et al., 1986;
Sogawa, 1992), but little evidence was available to
link overseas migration to rice stripe disease out-
breaks in Japan.

The insecticide susceptibility of L. striatellus
has been changing in East Asia. Recently, Chinese
populations collected in Jiangsu and Zhejiang
Provinces in 2006 developed resistance to imida-
cloprid (Ma et al., 2007), whereas some Japanese
populations in the Kyushu region showed resist-
ance to fipronil (Murakami et al., 2007; Nishimoto
et al., 2008).

Under these circumstances, large trap catches of
L. striatellus were recorded in western Kyushu in
early June, 2008 and a subsequent epidemic of rice
stripe diseases occurred in areas where large immi-
grations occurred, as described in detail below.

This study investigated the possibility that long-
distance migration served as a cause of the epi-
demic. Several methods were employed to eluci-
date the overseas migration and subsequent out-
break of rice stripe disease, including the use of
trap catches, source estimation by backward trajec-
tory analysis (Otuka et al., 2005a), and evaluation
of insecticide susceptibility by a topical application
method. This paper presents, for the first time, pos-
itive evidence for the hypothesis that L. striatellus
migrates for a long distance from overseas and
causes ripe stripe disease in Japan.

MATERIALS AND METHODS

Trap catches. Two different types of traps were
used for monitoring L. striatellus; one was a tow
net trap with a 1-m ring mounted at the top of a
pole 10 m above the ground, and the other was a
Johnson and Taylor suction trap installed on the
roof of a three-story building. The net trap is lo-
cated at Nagasaki Plant Protection Station, Isahaya
City, Nagasaki Prefecture (32.83°N and 130.02°E),
and the suction trap is located at Kagoshima 
Plant Protection Station, Minami-Satsuma City,
Kagoshima Prefecture (31.48°N and 130.34°E)
(Fig. 1). These traps are separated north to south by

300 km and began operation in April 2008. Insects
caught by the traps were collected at 9:00 every
morning and were identified by well-trained plant
protection officers using a stereoscopic micro-
scope. The density of immigrants was investigated
in an observational rice field near the suction trap
on 9 June. Rice seedlings were transplanted in late
May. Immigrant density in early June was not in-
vestigated in Nagasaki.

Backward trajectory analysis. Backward tra-
jectory analysis was conducted to estimate the pos-
sible migration source for trap catches in Kyushu
(Otuka et al., 2005a). Backward trajectory is the
backward trace of three-dimensional insect posi-
tion. The starting time of backward trajectories was
set every 1 h within 24 h of each catch date. For
each starting time, 20 backward trajectories were
calculated with different initial heights ranging
from 100 to 2,000 m at an interval of 100 m above
the trap site. Overall, 480 trajectories were calcu-
lated for each catch date and terminal time. The in-
sect was assumed to fly at the same speed as the
wind; therefore, for each time step, the insect’s po-
sition goes back by a small position vector [m] of
wind speed [m/s] multiplied by a time step [s].
Wind speed was simulated by a weather prediction
model (Otuka et al., 2005a). After travelling over
the sea, the backward trajectory was terminated at
three different times; dusk, 12:00 Coordinated Uni-
versal Time (UTC) 2 days before the catch, dawn,
21:00 UTC, and dusk, 12:00 UTC, on the previous
day. Dawn and dusk are the times when planthop-
pers were assumed to fly out of the source areas.
These terminal times were three values closer to
the catch date. They were used not only because
they reduced flight durations, but also because
backward trajectories with such terminal times
could reach possible source areas. Terminal points
of trajectories were distributed over a region de-
pending on their starting time and height (terminal
point distribution), and were plotted on a map to
identify possible source areas. In the analysis, air
temperature at the flying height was not considered,
although insects may stop beating their wings or fly
at a slower speed than wind in cooler air at high al-
titudes.

Evaluation of insecticide susceptibility. To de-
termine the insecticide susceptibility of immigrant
populations of L. striatellus, macropterous adults
of the two immigrant populations (Japan-KG-08
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and Japan-KMA-08) were collected from rice
fields in Kyushu, Japan on 9 and 7, June 2008, re-
spectively, just after the mass migration (Fig. 1;
Table 1). For comparison of insecticide susceptibil-
ity between immigrant and domestic populations in
Japan, three domestic populations of L. striatellus
were collected from wheat fields in 2006–2008
(Japan-SG-06, Japan-GF-07, and Japan-KMK-08)
(Fig. 1; Table 1). For comparison of insecticide
susceptibility between immigrant populations in
Japanese and Chinese populations, three Chinese
populations of L. striatellus were collected from
rice fields in Jiangsu and Zhejiang Provinces dur-
ing September to October 2008 (China-JSY-08,
China-JSC-08, and China-ZJ-08) (Fig. 1; Table 1).

The collected populations were derived from
more than 100 adults with the same number of

males and females. These populations were main-
tained in the laboratory for 2–5 generations prior to
testing using rice seedlings (var. Reihou) growing
at a temperature of 25°C under light conditions of
16L8D.

The insecticide susceptibility of the eight popu-
lations was monitored by a standard topical appli-
cation method (Fukuda and Nagata, 1969) on 
imidacloprid (98.5%), fipronil (90.7%), BPMC
(96.9%), dinotefuran (99.8%), and etofenprox
(99.9%). Dinotefuran and etofenprox were not
tested for populations collected before 2008 and
2007, respectively. These insecticides were pro-
vided by Bayer CropScience K. K. (Tokyo, Japan)
for imidacloprid, BASF Agro. Ltd. (Tokyo, Japan)
for fipronil, Sumitomo Chemical Co. Ltd. (Tokyo,
Japan) for BPMC, and Mitsui Chemical (Tokyo,
Japan) for dinotefuran and etofenprox.

Long-winged female adults within 7 days after
emergence were anaesthetized with carbon dioxide
for about 5 s prior to treatment. A 0.08 m l droplet
of acetone solution was applied topically on the
dorsal surface of the thorax with a hand micro-
applicator (Burkard Manufacturing Company
Ltd.). The treated insects were kept in a transparent
plastic box (5 cm diameter, 10 cm high) with rice
seedlings at 25°C and relative humidity of
55�15% under light conditions of 16L8D. Mortal-
ity was determined 24 h after treatment for all in-
secticides. All tests were conducted on 2–5 genera-
tions after collection. More than 45 females were
used for each insecticide concentration. Tests were
carried out on 5–6 concentrations. The average
body weight of the tested insects was 1.24�0.05
mg (mean�S.E.).

The LD50 value, 95% confidence interval, and
slope of the regression line were calculated by
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Fig. 1. Locations of trap and collection sites. Upper and
lower arrows in the figure indicate trap locations in Isahaya,
Nagasaki Prefecture and Minami-Satsuma, Kagoshima Prefec-
ture, respectively. Numbers shown in figures a and b indicate
collection sites of Laodelphax striatellus populations shown in
Table 1. Letters Y and S denotes Yamaguchi and Shimane Pre-
fectures, respectively.

Table 1. Locality and collection date of tested populations of Laodelphax striatellus

No.a Population Locality Lat/Long Collection date Collected  field

1 Japan-SG-06 Kawazoe, Saga, Japan 33.22°N, 130.30°E 31 May 2006 Wheat
2 Japan-GF-07 Ohno, Gifu, Japan 35.46°N, 136.60°E 1 June 2007 Wheat
3 Japan-KMK-08 Koshi, Kumamoto, Japan 32.92°N, 130.76°E 22 May 2008 Wheat
4 Japan-KG-08 Minami-Satsuma, Kagoshima, Japan 31.48°N, 130.33°E 9 June 2008 Rice
5 Japan-KMA-08 Amakusa, Kumamoto, Japan 32.41°N, 130.27°E 7 June 2008 Rice
6 China-JSY-08 Yaxi, Gaochun, Jiangsu, China 31.39°N, 119.06°E 2 October 2008 Rice
7 China-JSC-08 Chinxi, Gaochun, Jiangsu, China 31.34°N, 118.86°E 2 October 2008 Rice
8 China-ZJ-08 Huzhou, Zhejiang, China 30.84°N, 120.10°E 30 September 2008 Rice

a See Fig. 1 for the location of the collection sites.
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Bliss’s (1935) probit method using PoloPlus soft-
ware (LeOra Software Company, 2003). To com-
pare resistance levels between populations, likeli-
hood ratio tests of equality for slopes and inter-
cepts of probit regression lines were conducted
using PoloPlus (LeOra Software Company, 2003;
Robertson et al., 2007). The significance level of
each test was adjusted with the sequential Bonfer-
roni method (Rice, 1989) to control Type I error
across pairwise comparisons.

RESULTS

Trap catches
The number of L. striatellus caught in the net

trap in Nagasaki and the suction trap in Kagoshima
from May to early June is shown in Fig. 2. In
Kagoshima, 106 macropterous adults (female 52,
male 54) of L. striatellus were caught on 6 June
2008. No L. striatellus was caught previously from
1 May to 5 June. Strong westerly winds were
recorded in Kagoshima on the catch date. A field
survey was performed on 9 June, and it was found
that the population density of adult L. striatellus
was 4.5 individuals per hill. This value was the
highest ever recorded at this location for this sea-
son.

Sixty-three L. striatellus were caught in Naga-
saki. This catch number was the highest trap catch

in June for the last 10 years. Small catches were
seen in late May that may be due to emigrants from
harvested wheat fields in the region.

Source estimation
Distributions of terminal points of backward tra-

jectories that started over Kagoshima (a) and Na-
gasaki (b) on 5 June 2008 are shown in Fig. 3. Al-
though the terminal time for both cases differed de-
pending on different wind conditions on the trajec-
tories, a large portion of the terminal points was
distributed over Jiangsu Province, China. Hence,
the possible source of L. striatellus immigration to
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Fig. 2. Trap catches of Laodelphax striatellus in Isahaya,
Nagasaki Prefecture and Minami-Satsuma, Kagoshima Prefec-
ture in 2008. A tow net trap for Nagasaki and a Johnson and
Taylor suction trap for Kagoshima were used. Trap locations
are indicated in Fig. 1.

Fig. 3. Distribution of terminal points of backward trajecto-
ries. a) Trajectories that started over Minami-Satsuma,
Kagoshima Prefecture (triangle) terminated at 20:00 Chinese
Standard Time (12:00 UTC) on 4 June 2008. b) Trajectories
that started over Isahaya, Nagasaki Prefecture (triangle) termi-
nated at 05:00 Chinese Standard Time (21:00 UTC) on 4 June
2008. The starting time of the trajectories on a catch date
ranged over 24 h at intervals of 1 h. Since trajectories have dif-
ferent flight durations depending on their starting times, the
terminal points are distributed mainly in the wind direction.
Terminal points over the sea were disregarded for source esti-
mation because the sea cannot be a source; therefore, the fig-
ures show that terminal points were distributed over Jiangsu
Province in both cases.
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western Japan on 5 June was found to be Jiangsu
Province.

Insecticide susceptibility among immigrant, do-
mestic, and Chinese populations

Large differences in LD50 values and regression
lines of imidacloprid and fipronil were found be-
tween immigrant and domestic populations of L.
striatellus in Japan (Table 2). For imidacloprid, the
LD50 values of immigrant populations (Japan-KG-
08 and Japan-KMA-08) were 5- to 88-fold larger
than those for domestic populations (Japan-SG-06,
Japan-GF-07, and Japan-KMK-08). The regression
lines of imidacloprid were also significantly differ-
ent between immigrant and domestic populations
(Table 2). In contrast, LD50 values of domestic
populations exposed to fipronil were 70- to 442-
fold larger than those of immigrant populations.
Regression lines of fipronil were also significantly
different between immigrant and domestic popula-
tions (Table 2).

LD50 values and regression lines of imidacloprid
and fipronil in the two immigrant populations
(Japan-KG-08 and Japan-KMA-08) were similar to
those in the two Jiangsu populations in China
(China-JSY-08 and China-JSC-08), but were sig-
nificantly different from those of the Zhejiang pop-
ulation in China (China-ZJ-08) (Table 2).

No large differences in the LD50 values and re-
gression lines of BPMC, dinotefuran, and etofen-
prox (less than 4-fold) were found among the pop-
ulations (Table 2).

ADDITIONAL PIECES OF EVIDENCE
KNOWN SO FAR

In this section, three additional pieces of evi-
dence obtained in previous studies are summarized
for later discussion. These include the viruliferous
rate of immigrants, the occurrence of rice stripe
disease in invaded regions of western Japan in
2008, and the recent occurrence of L. striatellus
and rice stripe disease in Jiangsu Province.

Viruliferous rate of immigrants
The viruliferous rate of L. striatellus caught on 9

June 2008 in the observation rice field near the
suction trap in Kagoshima was investigated with
ELISA (Clark and Adams, 1977) by Kagoshima
Plant Protection Office (Fukuda et al., unpub-
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lished). The rate of viruliferous L. striatellus fe-
male adults was found to be 9.2% (N�120)
(Fukuda et al., 2009). The viruliferous rate of
11.5% (N�200) for L. striatellus caught in a net
trap in Yamaguchi Prefecture from 1 to 5 June in
2008 was previously reported (Nakagawa et al.,
2009; letter Y in Fig. 1 denotes the location). The
viruliferous rates for overwintering populations
collected in Yamaguchi and Nagasaki Prefectures
were 2.9 (N�175) and 4% (N�2,019), respectively
(Nakagawa et al., 2009; Ohtsu et al., unpublished).
The rates of immigrant populations were larger
than those of overwintering populations. Based on
statistical tests, the viruliferous rate of the immi-
grant population in Yamaguchi Prefecture (11.5%)
was significantly higher than of the two overwinter-
ing populations, although no significant difference
was found between the Kagoshima population and
the overwintering populations (multiple compari-
son test for proportions (Zar, 1996), p�0.05).

Outbreak of rice stripe disease in western Japan
According to plant protection offices in Na-

gasaki and Yamaguchi Prefectures, ghost syn-
dromes of rice stripe disease were first noticed by
farmers in late June (Nakagawa et al., 2009; Ohtsu
et al., unpublished). The timing of the outbreak
corresponded to about one month after the immi-
gration date. The total occurrence area of rice
stripe disease in Nagasaki in 2008 was 10,720 ha,
which had increased by 126% since the previous
year based on the governmental statistics (MAFF,
2009). Especially in severely damaged areas, field
and hill occurrence rates hit 100% and more than
50%, respectively (Ohtsu et al., unpublished).
These occurrence rates were high along western
coastal regions in Nagasaki, where imidacloprid
was applied in seedling box treatments (Ohtsu et
al., unpublished). The rice stripe disease occur-
rence area in Shimane Prefecture in 2008 was
3,770 ha, of which 10% was heavily damaged
(MAFF, 2009; letter “S” in Fig. 1 denotes the loca-
tion).

Recent occurrence in Jiangsu Province
In response to our analysis of the potential

source of migration, the authors visited the Plant
Protection Station of Jiangsu Province, China, and
interviewed Vice Director, Dr. Ye-Qin Zhu on the
recent occurrences of L. striatellus and rice stripe

disease. The outbreak area of the disease has con-
tinuously increased within the province since 1997
and a heavy outbreak area spread throughout the
province in 2004 and 2005 (Zhu, 2006). Average
viruliferous rates of L. striatellus in the province
from 2004 to 2008 were 24, 29, 23, 23 and 17%,
respectively, based on data obtained during the in-
terview. The rate peaked in 2005 and has since
gradually decreased; however, viruliferous rates are
still very high compared to those in Japan. Popula-
tion density in rice fields on 5 June 2008 was one
million per mu (1 mu�6.67 a), or 60 insect per hill
(Zhu, personal communication). Early June corre-
sponds with the peak season for wheat harvesting.

DISCUSSION

Overseas migration and subsequent rice stripe
disease

Summarizing our results along with the known
facts, this study presents six pieces of distinct evi-
dence to link overseas migration of L. striatellus to
subsequent outbreaks of rice stripe disease in
Japan: i.e. (1) immigration peaks captured on 5
June 2008 in western Japan under windy weather
conditions, (2) resistance of immigrants to the in-
secticide imidacloprid and high viruliferous rates
(3) outbreaks of rice stripe disease in invaded
areas, and heavy occurrence, especially in imida-
cloprid-applied rice fields (4) backward trajectory
analysis estimated the source to be Jiangsu
Province, China, (5) heavy outbreak of L. striatel-
lus and rice stripe disease in Jiangsu Province, and
(6) coincidence of insecticide susceptibility and
high viruliferous rates between immigrants and the
Jiangsu population. Collectively, the evidence sup-
ports the hypothesis that long-distance migration of
L. striatellus from Jiangsu Province to western
Japan occurred on 5 June 2008 and caused severe
outbreaks of rice stripe disease in Japan.

Impact of immigrants on insecticide resistance
of local population

Our results showed that insecticide resistance of
the immigrant populations of L. striatellus was
completely different from that of domestic insects,
i.e., immigrants were only resistant to imidaclo-
prid, whereas domestic insects were only resistant
to fipronil. Because L. striatellus is able to over-
winter successfully in Japan, this would be the case
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if intercrossing between immigrant and domestic
populations produces different characteristics of in-
secticide resistance in local populations in Japan.
The consequences of intercrossing could depend
greatly on the relative abundance of immigrant and
domestic populations, and also on the genetic
background of insecticide resistance against imida-
cloprid and fipronil. The genetic basis of insecti-
cide resistance in L. striatellus against these insec-
ticides has been poorly studied and should be in-
vestigated in the future.

Ma et al. (2007) reported that the Chinese popu-
lations of L. striatellus collected in Jiangsu and
Zhejiang Provinces in 2006 developed resistance to
imidacloprid but not to fipronil; however, similar
results were only detected in Jiangsu populations,
but not in Zhejiang population collected in 2008.
The 2008 Zhejiang population only developed re-
sistance to fipronil. This observation could be due
to the heavy use of fipronil to control rice stem
borers in the province (Zhu, Z.R., personal com-
munication). The present results revealed that in-
secticide resistance of L. striatellus in China varies
considerably among regions. Thus, continued mon-
itoring of the status of insecticide susceptibility of
L. striatellus is needed in central China, where a
possible source exists for overseas migration to
Japan.

Migration prediction of L. striatellus
Prediction of these expected overseas migrations

may be feasible and could be conducted by a modi-
fied version of the real-time prediction system for
the brown planthopper, Nilaparvata lugens (Stål)
and the white-backed planthopper, Sogatella fur-
cifera (Horváth) (Otuka et al., 2005b). The current
system predicts the migration of the two species
mainly from southern China to Japan in the Bai-u
rainy season. Parameters of prediction calculations,
such as the take-off date and take-off areas located
in the possible source, are adapted to N. lugens.
The temperature ceiling is also used in the predic-
tion (Otuka et al., 2005b). This is a level of air
temperature of 16.5°C, across which no simulated
insects enter upper cooler air. This modelling is
based on an observation that 50% of N. lugens stop
beating their wings at an air temperature of 16.5°C
(Ohkubo, 1973). For migration prediction of L.
striatellus, the take-off date ranges from late May
to early June, which corresponds to the wheat har-

vesting period in the source region. The take-off
area was Jiangsu Province or possibly the sur-
rounding provinces. The temperature ceiling value
could be changed to be lower, because L. striatellus
can overwinter in temperate regions and could have
stronger tolerance to cool temperatures than other
tropical rice planthoppers. A better estimate of the
temperature ceiling value may be estimated by a
flight experiment using controlled air temperatures.
This experiment is planned for the future.

In conclusion, the severe occurrence of L. stri-
atellus with high viruliferous rates continues in
Jiangsu Province (Zhu, personal communication),
and the incidence of rice stripe disease in Zhejiang
Province has spread from the northern to southern
part (Wang et al., 2008). If the density of virulifer-
ous L. striatellus in southeastern Chinese provinces
remains high in the future, overseas migrations
similar to the 2008 case could occur repeatedly.
Careful attention should be paid to the period from
the end of May to early June because this is the
wheat harvest season in the source areas (Sogawa,
2005). In fact, a previous study observed the coin-
cidence between the peak time of wheat harvesting
and the peak of L. striatellus catches by a net trap
in Kyushu (Ito and Okada, 1985).

Finally, this study importantly demonstrated that
backward trajectory analysis together with insecti-
cide resistance testing of immigrants is an im-
proved method to estimate migration sources.
When insecticide resistance differs between the
source and destination of migration, analysis of in-
secticide resistance is expected to be an appropriate
method for determining migration sources, as ex-
emplified by the 2008 case in Kyushu. The estima-
tion accuracy of the proposed method is expected
to become better than backward trajectory analysis
alone.
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