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Introduction

Methyl bromide has a broad spectrum of efficacy against pests and has been adopted for quarantine standards 
in many countries (e.g. USDA, 2008; BNZ, 2006; AQIS, 2006). In the case of Japan, MB fumigation standards were pre-
scribed in a ministerial ordinance as a measure to prevent the invasion of harmful quarantine pests. MB fumigation 
is also required to be smoothly and efficiently executed for shipment distribution. Although MB is one of the ozone-
depleting substance and MB consumption was phased out by 2005, its uses for quarantine and pre-shipment purposes 
are exempted because there is no technically and economically feasible alternative. On the other hand, the Montreal 
Protocol urges parties to reduce MB use or emissions into the atmosphere even for quarantine purposes (UNEP, 2006). 
Items in Japan for which a large amount of MB is used, specifically for logs and grains, must be listed because log fu-
migation requires a lot of MB due to the large volume of the product. Moreover, more than 80% of imported logs were 
fumigated at their port of entry in 2005. In the case of grains, over 8,500 kilotonnes of grain were fumigated in 2005 
(PPS, 2005); therefore many research reports on the development of alternative fumigants to MB have been conducted 
for logs, including wood packaging materials, and grains (GOTO et al., 1996; JFTA, 2003; KAWAKAMI et al., 1996b; 
KISHINO et al., 1996; MIZOBUCHI et al., 1996; NAITO et al., 1999; NAITO et al., 2003; SOMA et al., 1996; SOMA et al., 
1997; SOMA et al., 2004; SOMA et al., 2005; SOMA et al., 2006a and 2000b; SOMA et al., 2007). Alternative fumigants 
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the efficacy of the fumigation standards estimated. Consequently, T. palmi eggs on broccoli, Aphis craccivora larvae 
and adults on string beans, and H. armigera eggs on asparagus were killed completely in conditions of MB 35 g/m3 
for 3 hours at 10°C or MB 26.5 g/m3 for 3 hours at 15°C, and L. sativae pupae on lettuce were also indicated as 
having no survivors at fumigation with MB 46 g/m3 for 3 hours at 10°C or MB 40 g/m3 for 3 hours at 15°C. These 
newly estimated MB-saving standards were convincingly effective.
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for fruits and vegetables, however, have barely been developed despite several research studies (AKAGAWA et al., 
1997; MATSUOKA et al., 2002). In addition, consumers have also been concerned with food safety recently, particularly 
regarding vegetables imported from abroad, as well as being concerned about the environment. For this reason, the de-
velopment of new fumigants for vegetables has to resolve such concerns, and it might have a negative impact on agri-
cultural registration by manufacturers. These conditions are the reason for the delay in the development of alternatives 
to MB.
In Japan, a fumigation standard for imported vegetables (i.e., methyl bromide at a dosage of 48.5 g/m3 for 3 hours) 

has been established regarding both the occurrence of chemical injury to products fumigated and the fumigation effi-
cacy. If quarantine fumigation for vegetables were to be carried out at the lower dose rate on the basis of insect suscep-
tibility, it is expected that a large amount of MB use could be avoided.
We conducted an evaluation of research reports related to MB mortality effects on pests that are detected with 

higher frequency in plant quarantine inspection for imports to Japan, and then practiced dose-response tests to establish 
an MB-saving fumigation standard that corresponds to pest species. We also conducted a verification mortality test with 
the newly established MB-saving standard in order to confirm its fumigation efficacy in simulating commercial-scale fu-
migation.

Materials and Methods

1. Selection of target insect pests
There are many species of insect pests that must be treated by MB fumigation at import quarantine. In order to 

efficiently reduce the quantity of MB used at import quarantine, it is necessary to develop an MB-saving fumigation 
standard for insect pests that are detected with higher frequency on imported vegetables, namely those often fumigated 
for with MB. Plant Quarantine Statistics (PPS 2005, http://www.maff.go.jp/pps/j/tokei/) were utilized to select the tar-
get insect pests.

Table 1 showed the top five products for MB fumigation frequency at import plant quarantine. The number of 
fumigations for broccoli and asparagus account for almost 40% of all MB fumigations (8,513 fumigations in total) among 
vegetables.

Table 1. The top five most frequently MB-fumigated vegetables, 2005

Top 5 products No. of MB  
fumigations*

Ratio to all fumigations 
(%)**

1 Broccoli 2,463 28.9
2 Asparagus   956 11.2
3 Cabbage   631  7.4
4 Okra   413  4.9
5 Squash   350  4.1

* Figures were extracted from the report Plant Quarantine Statistics.
** The total number of MB fumigations for vegetables in 2005 was 8,513.

Table 2 categorizes the frequency of the main species detected at import quarantine inspection of the top five veg-
etables in 2002 and 2003. It shows that categories of Thripidae, Aphididae, Lepidoptera, Pseudococcidae, and Agromyzi-
dae species occupy more than 80‒90% of all detected pests by frequency, except for squash. Therefore, these species 
should be examined in order to develop a new MB-saving fumigation standard. In the case of broccoli and cabbage, the 
diamondback moth, Plutella xylostella, was most frequently detected; however, this species was listed in the nonquar-
antine pest group and could be negligible. Many Tetranychidae species were detected on squash. However, it appears 
that Tetranychidae are relatively tolerant to MB, and the potential for reducing the MB dose is not be expected (ABE, 
1977). Tetranychidae species were not included in this study. Currently, the process of designating nonquarantine pests 
has been proceeding quickly, and the number of designated nonquarantine species is now increasing year by year. Test 
insects in this study included nonquarantine pests that had not been designated as nonquarantine pests at the beginning 
of this study, for instance Spodoptera litura. Such test insects should be replaced from the quarantine point of view; this 
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species, however, could be considered a species representing the Noctuidae family in Japan, and based on the standpoint 
of appropriate evaluation for fumigation effects on test insects, it is determined that changing test insects would not be 
suggestive.

2. Test insects
Based on detection rates at inspection (Table 2) and considering other relevant conditions for fumigation, the follow-

ing insects and their stages were determined to be appropriate as test insects for trials.
(a) Thripidae: (1) Thrips palmi, (2) Frankliniella occidentalis, (3) Frankliniella intonsa
  Three species of thrips were obtained from the College of Agriculture of Utsunomiya University (Utsunomiya 

City, Tochigi Prefecture) in February 2006. They were reared for successive generations on germinated broad 
beans (variety: tick bean) in a plastic container (L 120×W 98×H 46 mm) based on the method described by MURAI 
(2002) in a rearing room with conditions of temperature at 20°C, humidity at 65% RH, and a photoperiod of 16L8D. 
Almost 150 adults were placed to lay eggs on germinated broad beans (10 g) in the container for 2 days and main-
tained for specific periods until growing to their target stages. Each larva, pseudopupa, and adult stage tested in 
trials were obtained by storing them for 10‒12 days, 13‒14 days, and 16‒23 days after hatching, respectively, and 
treated with the germinated broad beans they were reared on. The egg stage was used just after oviposition was 
completed. The eggs were treated on wet filter paper in order to practice efficient and accurate evaluation.

(b) Aphididae: (1) Aphis craccivora, (2) Macrosiphum euphorbiae, (3) Myzus persicae, (4) Aphis gossypii
  Cowpea aphids, Aphis craccivora, and potato aphids, Macrosiphum euphorbiae, were collected from fields in 

Nagoya City, Aichi Prefecture, in June 2006, and in Yokohama City, Kanagawa Prefecture, in August 2006. Both 
green peach aphids, Myzus persicae, and cotton aphids, Aphis gossypii, were obtained from the Grape and Persim-
mon Research Station of the National Institute of Fruit Tree Science (East Hiroshima City, Hiroshima Prefecture) 
in July 2006. All aphids were reared in the same way as the thrips described above, and each species that involved 
both nymph and adult stages with food plants was used simultaneously in the fumigation test because it is difficult 
to provide each of the stages separately without negative impacts such as physical damage to the test insects.

Table 2.  Frequency of major insect pests for five vegetables detected on import quarantine inspection in 2002 and 2003

Category Species Broccoli Asparagus Cabbage Okra Squash

Thripidae 1,677 3,948 106 609 134
Thrips sp. 64 2,921 68 101 9
Frankliniella sp. 820 942 45 6
Scirtothrips sp. 60
Apterothrips sp. 18

Aphididae 1,213 463 105 22 4
Myzus persicae 617 153 80 1
Aulacorthum solani 13 1
Macrosiphum euphorbiae 5

Lepidoptera 63 190 20 55 145
Noctuidae 29 961 10 384 26
Spodoptera sp. 5 381 9
Helicoverpa sp. 545 1 265 2
Earias sp. 77
Plutella xylostella 676 303

Pseudococcidae 1 406 17
Phenacoccus sp. 178

Agromyzidae 106 5 51
Total number detected in five category species 5,288 10,582 745 2,097 404
Total number of detected insect overall 6,412 10,997 849 2,595 611
Occupancy rate (%, 5 categories/grand total) 82.5 96.2 87.8 80.8 66.1

Note: Figures were extracted from the report Plant Quarantine Statistics.
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(c) Lepidoptera (Noctuidae): (1) Spodoptera litura, (2) Helicoverpa armigera
  The common cutworm, Spodoptera litura, was obtained from a rearing colony for successive generations at 
the Research and Development Group of Nippon Kayaku Co. Ltd. (Ageo City, Saitama Prefecture) in March 2006. 
It was then reared on an artificial diet (Insecta LF S®, Bio Department, Nosan Corporation) in a plastic container 
(L 300×W 225×H 100 mm) in a rearing room (temperature 23°C, humidity 50% RH, and photoperiod 16L8D) were 
used for this study. For egg collection, almost 30 adults (ratio: male 13, female 17) were released in the same size 
plastic container that held a few pieces of filter paper (D: 125 mm) and a diet for adults (5% sugar solution) for 2 
days in order to obtain eggs laid on the filter paper. After oviposition, to improve hatchability, eggs collected on 
filter paper were kept in the dark in the same rearing room until they hatched out. The stages tested for fumiga-
tion were egg, younger larva, elder larva, and egg tested one day after oviposition. Each of the younger larvae and 
elder larvae were obtained by rearing them for 7 days and 16 days after hatching, respectively. The larval stages 
were treated with a small-volume diet in a plastic case, and eggs laid on filter paper were treated as-is. Tobacco 
budworm, Helicoverpa armigera, was obtained from the Research Institute of the Japan Plant Protection Associa-
tion (Ushiku City, Ibaraki Prefecture) in September 2006. The rearing and egg collection method was similar to that 
for Spodoptera litura. Eggs were tested one day after oviposition, and each of the younger larvae and elder larvae 
used in the test was obtained by rearing them for 7 days and 18 days after hatching, respectively. The conditions 
of treatment were the same as those described above. The instars of tested larvae for both species were decided 
by measuring their head width daily under rearing conditions. Because the pupation of both species occurs under-
ground and not on a host plant, neither pupal stage was used as a test stage in this study.

(d) Pseudococcidae: (1) Planococcus kraunhiae, (2) Pseudococcus comstocki
  Part of the rearing colony of Japanese mealybugs, Planococcus kraunhiae, and of Comstock mealybugs, Pseu-
dococcus comstocki, were transferred from the Grape and Persimmon Research Station of the National Institute 
of Fruit Tree Science (East Hiroshima City, Hiroshima Prefecture) in August 2006. Both mealybug species were 
reared on pumpkin for successive generations in a rearing room (temperature 25°C, humidity 65% RH, photoperiod 
16L8D) and used in the trials. Almost 20 adults were placed on fresh pumpkin for the purpose of laying eggs. A 
research report on conducting dose-response mortality tests using two species of mealybugs indicates that 5-day-
old eggs were most tolerant (MISUMI et al., 1994); therefore, 5-day-old eggs of Japanese mealybugs and Comstock 
mealybugs were examined for fumigation in the preliminary mortality test.

(e) Agromyzidae: (1) Liriomyza trifolii, (2) Liriomyza sativae
  Both Liriomyza trifolii and Liriomyza sativae were obtained from the Shizuoka Prefectural Research Institute 

of Agriculture and Forestry in March 2006. They were reared on the leaves of the kidney bean (variety: Serena) 
cultivated on a rockwool cube (50 cu.mm) in an environmentally controlled rearing room (temperature 25°C, humidi-
ty 65% RH, photoperiod 16L8D). Almost 100 adult flies were allowed to lay eggs on kidney bean leaves in an acrylic 
rearing box (L 255×W 300×H 280 mm) for 1 day. Pupal stages were acquired by the method of wrapping the bean 
leaves in cleaning tissue (Kimwipe®) to induce pupation on the surface of it. Fumigation was carried out at just 
after or 1 day after egg collection for the egg stage; larvae were treated at 5‒6 days after oviposition; and pupae 
at 9‒11 days. The tested stages were fumigated along with the kidney bean leaves they were reared on. Tested 
numbers for each of the egg stages in the test plot were estimated from the number of survivors on an untreated 
control, and for estimating an accurate number, the total leaf area on the treated plot was set to equal that of the 
untreated control. The leaf shapes were assumed to be triangular for calculating their area.

3. Fumigation
(a) Basic mortality test
  All basic mortality tests were performed using an acrylic fumigation box (internal volume: 29.5 liters, equipped 
with gas injection and sampling ports, temperature probe, circulation fan, and exhaust valves) placed in a temper-
ature-controlled fumigation room at 15°C. Dosing of methyl bromide was executed by the method of drawing an 
amount of evaporated gas into a gastight syringe from a glass vial containing liquid MB and introducing a calcu-
lated amount of gas into the fumigation box. A gas chromatograph with FID (Shimadzu GC-2014) and a tempera-
ture recorder (Chino graphic logger CR 1016-A) were used to monitor gas concentration and temperature during 
fumigation in order to achieve appropriate fumigation. After fumigation was completed, fumigation boxes were ven-



March, 2009 5

tilated for 1 hour using an exhaust system.The aim of this basic mortality test was to seek and estimate fumigation 
conditions that provide complete mortality depending on the category of species and to determine the most toler-
ant stage in the species tested. Therefore, conditions of fumigation, which are temperature, fumigation period, and 
dosage for each test insect category, were determined based on the results of a preliminary test, relevant research 
reports, and established fumigation standards of other counties (ABE et al., 1974a and 1974b; ABE and KAWAKA-
MI, 1980; BLANTON, 1942; BNZ, 2006; CARMI, 1985; MACDONALD, 1993; MISUMI et al., 1994; MORTIMER and 
POWELL, 1988; NAGAMINE, 1973; POWELL and GOSTICK, 1971; SAKAMURA and KIMURA, 1983; SOMA et 
al., 2001; USDA, 2008; WIT, 1986; ZETTLER et al., 2002). The fumigation conditions decided on for use in the basic 
mortality test are shown in Table 3.

(b) Estimation of an MB-saving fumigation standard
  The Japanese Plant Protection Authority (MAFF, 1987) set the dosage in the treatment standard for most im-

ported vegetables at 48.5 g/m3 regardless of temperature at fumigation. For fresh fruits, the dosage was set from 
16.0 g/m3 to 48.5 g/m3, however, corresponding to temperatures from 5°C to 25°C. The USDA treatment manual 
(e.g. for Thrips) and the New Zealand BNZ Standard (for fresh fruits and vegetables) also prescribe an MB dosage 
rate dependent on temperature (USDA, 2008; BNZ, 2006). An MB-saving fumigation standard dependent on fumiga-
tion temperature for each category was estimated based on results from basic mortality tests and regression lines 
calculated from each country’s treatment standards corresponding to fumigation temperatures.

(c) Verification mortality test
  This mortality test was performed to verify the efficacy of the estimated fumigation standard. Typical host 
vegetables (broccoli, string beans, asparagus, and lettuce) infested with the most tolerant stage in the most tolerant 
species in each insect category were fumigated with methyl bromide assuming conditions of actual commercial fu-

MISUMI et al.: Development of MB-saving Quarantine Standard for Imported Vegetables

Table 3. Fumigation temperature, period, and dosage for test species in the basic mortality test

Insect category Tested insects and stages Temp. (°C) Period (hr.) Dosage (g/m3)

Thripidae Thrips palmi, Frankliniella occidentalis,  
Frankliniella intonsa (egg, larva, pupa, adult) 15 2 16

20
Thrips palmi, Frankliniella intonsa (egg),  
Frankliniella occidentalis (egg, larva, pupa) 15 2 22

Thrips palmi, Frankliniella occidentalis,  
Frankliniella intonsa (egg) 15 2 26

Thrips palmi, Frankliniella occidentalis,  
Frankliniella intonsa (egg, larva, pupa, adult)  5 3 30

35

Aphididae Aphis craccivora, Macrosiphum euphorbiae,  
Myzus persicae, Aphis gossypii (nymph, adult) 15 3 12

16
Aphis craccivora, Macrosiphum euphorbiae,  
Myzus persicae, Aphis gossypii (nymph, adult)  5 3 17

23

Noctuidae Spodoptera litura, Helicoverpa armigera (egg, younger 
larva, elder larva) 20 3  8

10

Helicoverpa armigera (egg) 20 3 12
15

Spodoptera litura (younger larva) 15 3  7
10

Spodoptera litura, Helicoverpa armigera (egg, younger 
larva, elder larva) 15 3 12

16

Helicoverpa armigera (egg) 15 3 18
21

Pseudococcidae Planococcus kraunhiae, Pseudococcus comstocki (egg) 15 3 32
35

Agromyzidae Liriomyza trifolii, Liriomyza sativae (egg, larva, pupa) 15 3 38
42

Liriomyza trifolii, Liriomyza sativae (egg, larva, pupa) 10 3 38
42

Liriomyza sativae (pupa) 10 3 45
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migation. Two fumigation temperatures were set at 10°C and 15°C because most vegetables are fumigated at lower 
temperature in the current quarantine system. Each dosage for tolerant species in this trial was fixed about 3‒5% 
lower than estimated fumigation standards to create a margin to ensure quarantine security. A 100-liter acrylic 
fumigation box equipped with gas-injection and sampling ports, a temperature probe, a circulation fan, and exhaust 
valves was used in the test. The dosing of methyl bromide, gas concentration monitoring, and ventilation were ex-
ecuted the same way as in the basic mortality test.

(d) Evaluation
  After fumigation in the basic mortality test and the verification mortality test, each of the stages and species 
was retrieved from the fumigation boxes and held in individual rearing rooms with appropriate conditions for each 
until evaluation was carried out. Some food plants or diets were added if necessary. Specific evaluation methods are 
as follows.

  Thripidae: The mortality of larval, pseudopupal, and adult stages was determined under a stereo microscope 
from 3 to 4 days after fumigation, and egg hatching was periodically observed from 3 to 7 days after fumigation. 
Aphididae: A method similar to that for the larvae, pupae, and adults of the Thripidae species was used. Lepidop-
tera (Noctuidae): For larvae, mortality was evaluated with the same method as for Thripidae larvae, pupae, and 
adults. Egg mortality was determined by monitoring for hatching, which was checked every other day for 14 days 
after fumigation. Pseudococcidae: Egg mortality was also determined by monitoring for hatching. The hatch rate 
was monitored daily from fumigation for at least 20 days. Agromyzidae: Mortality was determined by whether the 
tested stage would progress to the next stage or not. Eggs and larvae were traced by their changes from 1 to 2 
weeks after fumigation. Pupae were maintained in a rearing cage for almost 1 month, and then adult numbers were 
investigated regardless of whether they were alive or not.

  The statistical software package JMP 4.0.5J (SAS Institute, Cary, N.C., USA) was used for statistical analysis.

Results and Discussion

1. Basic mortality test
(a) Thripidae: (1) Thrips palmi, (2) Frankliniella occidentalis, (3) Frankliniella intonsa
  Mortality for each stage of the three thrips fumigated with methyl bromide for 2 hours at 15°C and for 3 hours 

at 5°C are provided in Table 4, Table 5, and Table 6.
  These show the relatively low tolerance of the adult stage indicated at 15°C in the three species. The larval 

and pseudopupal stages were considered to have almost equal susceptibility. SOMA et al. (2001) reported that all 
stages (egg, larva, pseudopupa, and adult) of Frankliniella occidentalis on strawberry seedlings were completely 
killed by MB at 20 g/m3 for 2 hours at 20°C, and additionally, the effect of a temperature range of 15‒20°C with MB 
fumigation at 20 g/m3 for 2 hours seems to be important to attain efficacious fumigation. Although MACDONALD 
(1993) reported that pseudopupae and eggs of F. occidentalis were the stages most tolerant to MB fumigation, it is 
considered that the egg stage was judged relatively less susceptible than larvae, pseudopupae, and adults in this 
study. An statistical analysis of the mortality data (arcsine transformed) obtained in the test plots at dosage rates of 
16, 20, 22, and 26 g/m3 for 2 hours at 15°C was attempted to determine the most tolerant species among the three 
thrips, and there is a nonsignificant difference in species (analysis of covariance, α＝0.05). However, all stages tested 
except the eggs of F. intonsa were killed completely at 5°C, and the eggs of Thrips palmi provided the lowest mor-
tality rate (94.5%) in all tested plots at MB 16 g/m3 for 2 hours at 15°C. It is known that most of individuals become 
pseudopupa in soil or fallen leaves. Accordingly, we consider that the egg stage of T. palmi is more appropriate for 
verification fumigation tests.

(b) Aphididae: (1) Aphis craccivora, (2) Macrosiphum euphorbiae, (3) Myzus persicae, (4) Aphis gossypii
  Mortality for each stage of the four aphids fumigated with methyl bromide for 3 hours at 15°C and for 3 hours 
at 5°C is shown in Table 7, Table 8, Table 9, and Table 10.

  All of the tested plots of treated Macrosiphum euphorbiae, Myzus persicae, and Aphis gossypii showed complete 
mortality, whereas there were a few survivors in the plot of MB at 17 g/m3 for 3 hours at 5°C for the cowpea 
aphid, Aphis craccivora. It is reported that Uroleucon gobonis and Lipaphis erysimi were completely killed with 
MB at 10 g/m3 for 3 hours at 20°C (ABE and KAWAKAMI, 1980; KOBAYASHI et al., 1973). In view of the results 
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above, we can consider that Aphididae species are relatively more susceptible than thrips. For verification fumiga-
tion tests, A. craccivora is determined to be more adequate than other species, although the difference seems to be 
almost negligible.

(c) Noctuidae: (1) Spodoptera litura, (2) Helicoverpa armigera
  From the results of measuring head width for each larval stage tested, it was decided that the younger larvae 

and elder larvae for Spodoptera litura were 2nd instar (slightly involving 3rd instar) and 5th instar larvae, and for 
Helicoverpa armigera the younger larvae were 2nd instar and the elder larvae were 5th and 6th instar larvae, re-
spectively.

  Table 11 and Table 12 provide the mortality of both Spodoptera litura and Helicoverpa armigera stages fu-
migated with MB at 7, 10, 12, 16, 18, and 21 g/m3 for 3 hours at 15°C and MB at 8, 10, 12, and 15 g/m3 for 3 hours 
at 20°C. The existence of unfertilized eggs in egg masses should bring higher mortalities than 50% in untreated 
control plots. All of the tested plots for S. litura, except for younger larvae fumigated with 7 g/m3 at 15°C, showed 
complete mortality in the fumigation conditions tested. 100% mortality for all life stages of S. litura and larval and 
pupal stages of the cabbage caterpillar, Mamestra brassicae, with MB at 10 g/m3 for 3 hours at 20°C was obtained 
in former studies (ABE et al., 1974a, 1974b; ABE and KAWAKAMI, 1980). Larvae of the mulberry caterpillar, Sar-
copolia illoba, were killed completely with MB fumigation at CT product of 120 g · h/m3 (KOBAYASHI et al., 1973). 
On the other hand, imperfect mortality for the egg stage of H. armigera was observed at 12 g/m3 at 15°C and at 8 
and 10 g/m3 at 20°C. It appears that H. armigera is less susceptible than S. litura under MB fumigation conditions, 
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Table 4.  Mortality for each Thrips palmi stage fumigated with methyl bromide at dosages of 16, 20, 22, and 26 g/m3 for 2 hours 
at 15°C, or 30 and 35 g/m3 for 3 hours at 5°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Thrips palmi Egg 15 2 16 201 190  94.5
20 246 239  97.2
22 202 202 100.0
26 204 204 100.0

Control 100  33  33.0
 5 3 30 200 200 100.0

35 200 200 100.0
Control  60   8  13.3

Larva 15 2 16 250 247  98.8
20 250 250 100.0

Control 250  55  22.0
 5 3 30 200 200 100.0

35 200 200 100.0
Control 100  11  11.0

Pseudopupa 15 2 16 250 250 100.0
20 250 250 100.0

Control 250  74  29.6
 5 3 30 291 291 100.0

35 300 300 100.0
Control 150  44  29.3

Adult 15 2 16 300 298  99.3
20 300 300 100.0

Control 300 118  39.3
 5 3 30 300 300 100.0

35 300 300 100.0
Control 100  10  10.0

Note: Results were obtained from 2 replications.
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and it also may be considered that H. armigera is more tolerant compared to other species in the Noctuidae family. 
The egg stage of H. armigera was tested in verification mortality tests.

(d) Pseudococcidae: (1) Planococcus kraunhiae, (2) Pseudococcus comstocki
  To export Japanese Satsuma mandarin oranges, quarantine treatment standards were developed, and the 

standard was set at MB fumigation at 48 g/m3 for 2 hours at 15°C to control Japanese mealybug, Planococcus 
kraunhiae, and Pseudococcus cryptus (MISUMI et al., 1994). It was reported that Pseudococcus cryptus was more 
susceptible than Planococcus kraunhiae, the most tolerant egg stage for Pseudococcus cryptus was completely 
killed with MB at 14 g/m3 for 2 hours at 15°C, and LD95 was 31.8 g/m3 for Planococcus kraunhiae eggs. According 
to these former study results, there is the possibility of establishing an MB-saving standard. However, from the 
results of preliminary tests for the Comstock mealybug, Pseudococcus comstocki, establishment of an MB-saving fu-
migation standard cannot be expected due to the tolerance of its egg stage. The failure to obtain 100% mortality for 
nymphs of Pseudococcus comstocki with MB at 32 g/m3 for 2 hours at 22°C, 40 g/m3 for 2 hours at 17°C, and 48 g/
m3 for 2 hours at 12°C were also reported (SAKAMURA and KIMURA, 1983). Rearing temperature for Comstock 
mealybug impacted on ovipositional behavior and occurrence of diapause egg (SAWAMURA and NARAI, 2008). 
Consequently, we consider that it is difficult to establish a meaningful MB-saving standard for Pseudococcidae spe-
cies, although for only Planococcus kraunhiae and Pseudococcus cryptus it can be possible to establish an MB-saving 
standard instead of the current MB standard. It appears that establishing an MB-saving standard according to each 
species in the Pseudococcidae family is unsuitable for the field of plant quarantine. We were compelled to abandon 

Table 5.  Mortality for each Frankliniella occidentalis stage fumigated with methyl bromide at dosages of 16, 20, 22, and 26 g/m3 
for 2 hours at 15°C, or 30 and 35 g/m3 for 3 hours at 5°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Frankliniella occidentalis Egg 15 2 16 323 317  98.1
20 334 333  99.7
22 330 330 100.0
26 272 272 100.0

Control 195  58  29.7
 5 3 30 272 270 100.0

35 314 314 100.0
Control 200  34  17.0

Larva 15 2 16 300 295  98.3
20 300 299  99.7

Control 150  18  12.0
 5 3 30 300 300 100.0

35 300 300 100.0
Control 250 100  40.0

Pseudopupa 15 2 16 250 248  99.2
20 250 250 100.0

Control 250 125  50.0
 5 3 30 400 400 100.0

35 400 400 100.0
Control 400 124  31.0

Adult 15 2 16 400 400 100.0
20 400 400 100.0

Control 246 155  63.0
 5 3 30 400 400 100.0

35 400 400 100.0
Control 250 142  56.8

Note: Results were obtained from 2 or 3 replications.
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Table 6.  Mortality for each Frankliniella intonsa stage fumigated with methyl bromide at dosages of 16, 20, 22, and 26 g/m3 for 
2 hours at 15°C, or 30 and 35 g/m3 for 3 hours at 5°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Frankliniella intonsa Egg 15 2 16 193 187  96.9
20 206 205  99.5
22 244 244 100.0
26 205 205 100.0

Control 183  49  26.8
 5 3 30 216 214  99.1

35 229 229 100.0
Control 205  75  36.6

Larva 15 2 16 450 437  97.1
20 450 450 100.0

Control 450  86  19.1
 5 3 30 450 450 100.0

35 450 450 100.0
Control 450  97  21.6

Pseudopupa 15 2 16 400 398  99.5
20 400 400 100.0

Control 366 113  30.9
 5 3 30 400 400 100.0

35 400 400 100.0
Control 250 115  46.0

Adult 15 2 16 450 450 100.0
20 450 450 100.0

Control 450  62  13.8
 5 3 30 450 450 100.0

35 450 450 100.0
Control 300  43  14.3

Note: Results were obtained from 2 or 3 replications.

Table 7.  Mortality of Aphis craccivora stages fumigated with methyl bromide at dosages of 12 and 16 g/m3 for 3 hours at 15°C, 
or 17 and 23 g/m3 for 3 hours at 5°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Aphis craccivora Nymph 15 3 12 431 431 100.0
16 543 543 100.0

Control 264   7   2.7
 5 3 17 306 304  99.3

23 308 308 100.0
Control  80  27  33.8

Adult 15 3 12 466 466 100.0
16 479 479 100.0

Control 247  27  10.9
 5 3 17 304 304 100.0

23 307 307 100.0
Control  80  21  26.3

Note: Results were obtained from 2 replications.



 10 No. 45Res. Bull. Pl. Prot. Japan

carrying out the basic dose-response tests and the subsequent tests.
(e) Agromyzidae: (1) Liriomyza trifolii, (2) Liriomyza sativae
  The results are presented in Table 13 and Table 14. All stages of both leaf minors tested were 100% killed 
with MB at 38 g/m3 for 3 hours at 15°C. At a temperature of 10°C, however, there were survivors in the plot for 
pupae of Liriomyza sativae, and it was revealed that this is a tolerant stage. Complete control of L. trifolii was 
obtained with a dosage of 40 g/m3 for 3 hours at 15‒18°C (CARMI, 1985). The LD99 for pupae of L. trifolii was 
estimated as CT products at 58.9‒61.3 g · h/m3 at 15°C (MORTIMER and POWELL, 1988). These results accorded 
with our study. It was considered that L. sativae was less susceptible than L. trifolii. The pupae of L. sativae were 
determined to be suitable for verification mortality tests that simulated commercial-scale fumigation as much as 
possible in the laboratory.

Table 8.  Mortality of Macrosiphum euphorbiae stages fumigated with methyl bromide at dosages of 12 and 16 g/m3 for 3 hours 
at 15°C, or 17 and 23 g/m3 for 3 hours at 5°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Macrosiphum euphorbiae Nymph 15 3 12 267 267 100.0
16 251 251 100.0

Control  55   2   3.6
 5 3 17 230 230 100.0

23 240 240 100.0
Control  77   1   1.3

Adult 15 3 12 247 247 100.0
16 211 211 100.0

Control  50   8  16.0
 5 3 17 237 237 100.0

23 230 230 100.0
Control  40   2   5.0

Note: Results were obtained from 2 replications.

Table 9.  Mortality of Myzus persicae stages fumigated with methyl bromide at dosages of 12 and 16 g/m3 for 3 hours at 15°C, or 
17 and 23 g/m3 for 3 hours at 5°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Myzus persicae Nymph 15 3 12 270 270 100.0
16 287 287 100.0

Control 130   6   4.6
 5 3 17 232 232 100.0

23 247 247 100.0
Control  31   4  12.9

Adult 15 3 12 314 314 100.0
16 364 364 100.0

Control 205  15   7.3
 5 3 17 224 224 100.0

23 214 214 100.0
Control  38   6  15.8

Note: Results were obtained from 2 replications.
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Table 10.  Mortality of Aphis gossypii stages fumigated with methyl bromide at dosages of 12 and 16 g/m3 for 3 hours at 15°C, 
or 17 and 23 g/m3 for 3 hours at 5°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Aphis gossypii Nymph 15 3 12 261 261 100.0
16 213 213 100.0

Control 105   5   4.8
 5 3 17 285 285 100.0

23 257 257 100.0
Control  96  10  10.4

Adult 15 3 12 237 237 100.0
16 220 220 100.0

Control  85   8   9.4
 5 3 17 216 216 100.0

23 214 214 100.0
Control  64   8  12.5

Note: Results were obtained from 2 replications.

Table 11.  Mortality for each Spodoptera litura stage fumigated with methyl bromide at dosages of 7, 10, 12, and 16 g/m3 for 3 
hours at 15°C, or 8 and 10 g/m3 for 3 hours at 20°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Spodoptera litura Egg 15 3 12 4,998 4,998 100.0
16 4,915 4,915 100.0

Control 4,733 2,909  61.5
20 3  8 5,142 5,142 100.0

10 4,732 4,732 100.0
Control 4,693 3,299  70.3

Younger larva 15 3  7 876 863  98.5
10 750 750 100.0
12 832 832 100.0
16 895 895 100.0

Control 1,343 4   0.3
20 3  8 1,013 1,013 100.0

10 1,017 1,017 100.0
Control 1,068 1   0.1

Elder larva 15 3 12 361 361 100.0
16 381 381 100.0

Control 333 0   0.0
20 3  8 357 357 100.0

10 343 343 100.0
Control 325 8   2.5

Note: Results were obtained from 2 replications.
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2. Estimate of an MB-saving fumigation standard
On the MB treatment standard tables for fresh fruits and vegetables in plant quarantine, Japan, New Zealand, and 

the United States have set MB treatment for respective products or item categories with different dosages correspond-
ing to temperature at 2 hours of fumigation (MAFF, 1987; BNZ, 2006; USDA, 2008), and these quarantine standards have 
been applied as effective measures by each quarantine system for several decades. Applying temperature in MB stand-
ards to the horizontal axis and dosage to the vertical axis for fresh fruits in Japan, broccoli, etc. in the United States, 
asparagus, etc. in the United States, and fresh fruits and vegetables in New Zealand, scattering charts could be drawn 
and proximate lines were substantially fitted to them with a coefficient from R2＝0.969 to R2＝0.998 levels (Fig. 1). Slopes 
were calculated as －1.62, －1.86, －1.73, and －1.37 for respective lines and it was considered likely that there is a similar-
ity because targeted commodities for MB fumigation were all categorized as fresh fruits or vegetables.
It is certain that each country’s quarantine standard should be established by data from mortality tests or trials, 

but these high coefficients of goodness of fit to the line must imply that awareness of fitting a line to MB treatment 
standards should be done in a matrix of dosage and temperature. It is entirely determined that there is a linear relation-
ship, and the slope for temperature could be considered almost equal; accordingly, when systematic mortality tests were 
carried out at a few specific temperature points, an estimate of dosage for an MB treatment standard from the lines of 
corresponding temperature ranges may be possible regardless of the lack of perfect mortality data at all temperature 
points. From the results of basic mortality tests for thrips, aphids, Noctuidae species, and leaf minors, and based on 
quarantine treatment standards in various countries and slopes of proximate lines and other relevant reports mentioned 
above, new MB-saving treatment standards were estimated as shown in Table 15. The slopes of proximate line for an 
MB-saving standard indicated in Table 15 were －1.62 to －1.33, and it is apparent that these slopes are equivalent to 
those of current treatment standards in the three countries.

Table 12.  Mortality for each Helicoverpa armigera stage fumigated with methyl bromide at dosages of 12, 16, 18, and 21 g/m3 
for 3 hours at 15°C, or 8, 10, 12, and 15 g/m3 for 3 hours at 20°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Helicoverpa armigera Egg 15 3 12 279 272  97.5
16 332 332 100.0
18 399 399 100.0
21 361 361 100.0

Control 508 239  47.0
20 3  8 196 180  91.8

10 213 212  99.5
12 328 328 100.0
15 315 315 100.0

Control 551 241  43.7
Younger larva 15 3 12 200 200 100.0

16 202 202 100.0
Control 169   0   0.0

20 3  8 219 219 100.0
10 220 202 100.0

Control 179   0   0.0
Elder larva 15 3 12  57  57 100.0

16  59  59 100.0
Control  57   0   0.0

20 3  8  31  31 100.0

10  33  33 100.0
Control  32   2   6.3

Note: Results were obtained from 2 replications.
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Table 13.  Mortality for each Liriomyza trifolii stage fumigated with methyl bromide at dosages of 38 and 42 g/m3 for 3 hours 
at 10°C or 15°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Liriomyza trifolii Egg 10 3 38 1,575 1,575 100.0
42 1,575 1,575 100.0

Control 1,575 0   0.0
15 3 38 748 748 100.0

42 748 748 100.0
Control 748 0   0.0

Larva 10 3 38 474 474 100.0
42 546 546 100.0

Control 456 27   5.9
15 3 38 765 765 100.0

42 764 764 100.0
Control 667 68  10.2

Pupa 10 3 38 170 170 100.0
42 170 170 100.0

Control 170 69  40.6
15 3 38 219 219 100.0

42 218 218 100.0
Control 224 92  41.1

Note: Results were obtained from 2‒3 replications. Numbers of insects tested were estimated from the survival rate of the 
untreated control.

Table 14.  Mortality for each Liriomyza sativae stage fumigated with methyl bromide at dosages of 38 and 42 g/m3 for 3 hours 
at 10°C or 15°C

Species Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

Liriomyza sativae Egg 10 3 38 847 847 100.0
42 847 847 100.0

Control 847 0   0.0
15 3 38 570 570 100.0

42 570 570 100.0
Control 570 0   0.0

Larva 10 3 38 928 928 100.0
42 780 780 100.0

Control 678 83  12.2
15 3 38 1,179 1,179 100.0

42 1,028 1,028 100.0
Control 1,239 65   5.2

Pupa 10 3 38 180 176  97.8
42 180 176  97.8
45 400 400 100.0

Control 270 60  22.2
15 3 38 206 206 100.0

42 207 207 100.0
Control 220 65  29.5

Note: Results were obtained from 3 replications. Numbers of insects tested were estimated from the survival rate of the untreated 
control.
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To estimate specific dosages at definite temperatures, some amount of additional dose was added to secure effec-
tive mortality, which consisted of taking into account gas leakage, variation in susceptibility among species, variation of 
sorption among commodities, and a margin. For example, Thrips palmi eggs were completely killed with a 22 g/m3 dos-
age at 15°C in basic mortality tests, extra doses of 20‒25% for these were added to the original dosage of 22 g/m3, and 
then a 28 g/m3 dosage is calculated as standard for 15°C. Based on this calculated 28 g/m3 and slopes (range: －1.37 to 
－1.86) of regression lines determined from current fumigation standards for the three countries, the standard dosages 
according to fumigation temperature could also be calculated as 37, 20, and 14 g/m3 at 10, 20, and 25°C, respectively. 
Regarding efficient quarantine fumigation at import, the same treatment standard was estimated for both thrips and 
aphids. For the standard for Noctuidae species, an additional dose was loaded by assuming the risk of contamination by 
pupae, which was calculated from the data of the preliminary mortality test for Spodoptera litura. We were reconciled 
to estimating fumigation standards for each species at 5°C due to the fact that a large or moderate reduction in dose 
was considered difficult at the temperature of 5°C.
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Figure 1.  Quarantine MB treatment standards and their proximate lines for fresh fruits and vegetables in Japan, the United 
States, and New Zealand

Table 15.  Newly estimated MB-saving treatment standard for imported vegetables (treatment duration: 3 hours at normal at-
mospheric pressure for warehouse fumigation; gastight level: class A or above)

Pest: Thripidae, Aphididae Pest: Noctuidae (except pupal stages) Pest: Agromyzidae

Temp. (°C) Dosage rate (g/m3) Temp. (°C) Dosage rate (g/m3) Temp. (°C) Dosage rate (g/m3)

10 37.0 10 41.0 10 48.5
15 28.0 15 31.0 15 42.0
20 20.0 20 24.0 20 36.0
25 14.0 25 18.0 25 29.0
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3. Verification mortality test
Temperatures during fumigations were maintained adequately (10°C: ±0.2‒0.4, 15°C: ±0.2‒0.3). The mean gas con-

centrations monitored in replications are shown in Fig. 2.
Gas concentrations decreased constantly, and gas residual rates (calculation: concentration at 3-hours point divided 

by initial dosage) for four vegetables varied from 76.0% for asparagus with MB at 35 g/m3 to 81.7% for string beans 
with MB at 26.5 g/m3. All four vegetables showed higher sorption at 10°C fumigation than at 15°C. The amount of gas 
sorption obtained in the tests may indicate that the verification mortality tests were admittedly simulated commercial-
scale quarantine fumigation. The dosages for these verification tests were decreased to a certain level compared to 
the MB-saving fumigation standards estimated. Basically, these margins were 5%, but for Helicoverpa armigera eggs, a 

MISUMI et al.: Development of MB-saving Quarantine Standard for Imported Vegetables

Table 16.  Mortality for T. palmi, A. craccivora, H. armigera, and L. sativae with each test plant with a load factor of 0.05 kg/l 
in verification mortality tests

Species (test plant) Stage Temp.  
(°C)

Duration  
(hr.)

Dosage  
(g/m3)

Number of insects Mortality  
(%)Tested Dead

T. palmi (broccoli) Egg 10 3 35 1,000 1,000 100.0
Control 108 47 43.5

15 3 26.5 1,001 1,001 100.0
Control 132 26 19.7

A. craccivora (string beans) Larva and adult 10 3 35 2,220 2,220 100.0
Control 761 147 19.3

15 3 26.5 2,726 2,726 100.0
Control 1,291 234 18.1

H. armigera (asparagus) Egg 10 3 35 2,843 2,843 100.0
Control 732 236 32.2

15 3 26.5 2,574 2,574 100.0
Control 619 212 34.2

L. sativae (lettuce) Pupa 10 3 46 1,161 1,161 100.0
Control 303 89 29.4

15 3 40 1,350 1,350 100.0
Control 328 69 21.0

Note: Results were obtained from 2 replications for A. craccivora, H. Armigera, and L. Sativae, and from 3 replications for T. palmi. 
The ratio of nymphs per adult for A. craccivora was 7 : 10.
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Figure 2. Changes in MB gas concentrations for broccoli, string beans, asparagus, and lettuce in verification mortality tests
Note: Figures in parentheses indicate MB dosage rate (g/m3).
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further 10% reduction was made because standards estimated for Noctuidae include an additional dose for the risk of 
pupal contamination in order to ensure quarantine security.
Mortality results in the verification mortality tests for each of the most tolerant stages in the most tolerant species 

in the categories of Thripidae, Aphididae, Noctuidae, and Agromyzidae are provided in Table 16. T. palmi eggs in broc-
coli, A. craccivora larvae and adults on string beans, and H. armigera eggs on asparagus were fumigated with MB at 
35 g/m3 for 3 hours at 10°C or MB at 26.5 g/m3 for 3 hours at 15°C, and there were no survivors among more than 1,000 
individuals. L. sativae was fumigated with MB at 46 g/m3 for 3 hours at 10°C or MB at 40 g/m3 for 3 hours at 15°C, and 
the more than 1,000 individuals tested were also killed completely.
Consequently, at the two temperatures in the standards estimated with four temperatures, verification mortality 

tests provided complete mortality, which means MB-saving fumigation standards estimated in item 2 above were con-
vincingly effective at a certain level of quarantine security.
A fumigation standard for cut flowers with gas mixtures of methyl bromide, phosphine, and carbon dioxide has al-

ready been introduced in plant quarantine in Japan (MAFF, 1995). It appears that setting a standard with gas mixtures 
was decided on the basis of mortality tests using two species each of spider mites and aphids, one species each of thrips, 
whitefly, mealybug, and moth (KAWAKAMI et al., 1996a). The species and number of the kinds of test insects in cur-
rent studies were determined to cover and represent as many genera as possible based on the actual detection levels at 
import quarantine inspection. It is indispensable to undertake evaluations that should take quarantine safety into consid-
eration in order to introduce these estimated standards for each category into plant quarantine treatment schedules in 
Japan. These MB-saving treatment standards are not the method to eventually switch to alternative techniques away 
from MB use, as they are the same as techniques of MB recapture and destruction for fumigation. For that reason, this 
may be considered only a temporary or transitional technique in the plant quarantine system. However, although it de-
pends on the kinds of pest species, fumigation with MB-saving standards that would be able to drastically reduce MB 
use is considered a technique that could respect and contribute not only to the environment but also to food safety and 
consumer confidence.
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和 文 摘 要

野菜類に付着する害虫別の低薬量臭化メチル消毒基準の開発

三角　隆・谷川展暁＊・北村　寿・小川　昇＊＊・鈴木則仁
横浜植物防疫所調査研究部

野菜類の輸入検査において、高頻度で発見される検疫
害虫の低薬量臭化メチルくん蒸基準を開発するため、ア
ザミウマ類（Thrips palmi, Frankliniella occidentalis and 
Frankliniella intonsa）、アブラムシ類（Aphis craccivora, 
Macrosiphum euphorbiae, Myzus persicae and Aphis 
gossypi）、 ヤ ガ 類（Spodoptera litura and Helicoverpa 
armigera）、コナカイガラムシ類（Planococcus kraunhiae 
and Pseudococcus comstock）及びハモグリバエ類（Liri-
omyza trifolii and Liriomyza sativae）の輸入時に付着す
る可能性のある全ての態について、現行の青果物くん蒸基
準（MB 48.5 g/m3、3時間）より低薬量でくん蒸試験を実
施した。その結果、アザミウマ類ではT. palmiが、ヤガ
類ではH. armigeraが（蛹態を除く）、ハモグリバエ類で
はL. sativaeが、最も感受性の低い種と判断された。アブ
ラムシ類については、すべてアザミウマ類より感受性が高

いと考えられた。なお、コナカイガラムシ類については単
位薬量を減少させることが困難と考えられたため設定でき
なかったが、以上の殺虫データ、関連する研究報告及び諸
外国の検疫基準から得られる回帰式に基づき、温度条件に
対応した低薬量臭化メチルくん蒸基準をコナカイガラムシ
類を除き、それぞれの害虫分類別に設定した。さらに、そ
の設定されたくん蒸基準の有効性を確認するため、確認試
験を実施した結果、ブロッコリーに寄生したT. palmiの
卵、サヤインゲンに寄生したA. craccivoraの幼虫及び成
虫、及びアスパラガスに寄生したH. armigeraの卵はMB 
35 g/m3、10℃、3時間又はMB 26.5 g/m3、15℃、3時間で
完全殺虫された。また、レタスに寄生したL. sativaeの蛹
はMB 46 g/m3、10℃、3時間又はMB 40 g/m3、15℃、3
時間の基準で同様に完全殺虫された。よって、設定された
低薬量MBくん蒸基準は有効であることが確認された。

＊ 現在、横浜植物防疫所東京支所
＊＊ 現在、名古屋植物防疫所
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