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Abstract: Tests were conducted to determine the effect of the pre-cooling rate of cold treatment on the mortality of the 

immature stages of Bactrocera dorsalis (Hendel). The immature stages (egg, first, second and third instars) in an artificial 

diet, orange and Petri dish were exposed to cold treatment at 2℃ for 1- 12 days after different rates of pre-cooling and 

mortality were compared. The results of the Petri dish test, in which naked insects were directly exposed to cold 

temperatures, showed first, second and third instars increased in cold-tolerance after longer pre-cooling; however, mortality 

of these larvae in an artificial diet and orange was not always reduced after longer pre-cooling. It suggests that the effect on 

mortality can be different depending on pre-cooling rates and infested medium. Furthermore, the most tolerant 

developmental stage was third instar in orange, second instar in the Petri dish and not clearly determined in the artificial diet, 

after both longer and shorter pre-cooling. It suggests that pre-cooling time does not affect determination of the most tolerant 

stage; however, fruit should be used to determine the most tolerant stage, because the most tolerant stage was different 

depending on the infested medium in our tests.
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Introduction

In developing a cold phytosanitary treatment, a large-scale 

disinfestation test is conducted after determination of the most cold-

tolerant pest species and developmental stage among the target pests 

(Heather and Hallman, 2008; IPPC, 2016; De Lima et al., 2007; 

Grout et al., 2011; Moore et al., 2016). Some research conducted in 

different countries found the most tolerant developmental stage of 

the same fruit fly species infesting the same commodity at the same 

target temperature of cold treatment to be different. For example, 

regarding the most tolerant stage of the Mediterranean fruit fly, 

Ceratitis capitata (Wiedemann) in cold treatment at 2℃ for 

Valencia orange, De Lima et al. (2007) found the second instar 

while Willink et al. (2006) found the third instar to be most tolerant.

The research and development of a cold treatment must consider 

factors that can affect efficacy, such as methods specific to the 

infestation technique (e.g. natural vs artificial) and timing of starting 

treatments (Myers et al. 2016) and mortality assessment (e.g. live 

larvae vs pupariation). In addition, Iwata et al. (1992) reported that 

the difference of pre-cooling time of cold treatment influenced the 

most tolerant stage among the immature stages of the oriental fruit 

fly, Bactrocera dorsalis (Hendel) in orange and an artificial diet. 

Recent research used an artificial diet infested with the immature 

stages of the target fruit fly species to compare the cold tolerance 

between different fruit fly species or to confirm the efficacy of 

existing cold treatment schedules against invasive species (Hallman 

et al. 2011; Myers et al. 2016). The naked immature stages of the 

Mexican fruit fly, Anastrepha ludens (Loew) were compared for 

cold tolerance among the developmental stages (Dohino et al. 2000). 

In the present study, we investigated the effect of pre-cooling rates 

on the mortality of the third instar of B. dorsalis infesting an artificial 

diet and orange exposed to cold treatment, as the third instar was 

reported as the most cold-tolerant stage among the immature stages of 

B. dorsalis by Grout et al. (2011) and Yamamoto et al. (2017). 

Furthermore, we investigated the effect of pre-cooling rates on the 

mortality of four immature stages of B. dorsalis and on the 
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determination of the most cold-tolerant stage of B. dorsalis in an 

artificial diet, orange and Petri dishes.

Materials and Methods

Test insects

A laboratory colony of B. dorsalis maintained at the Research 

Center of Yokohama Plant Protection Station was used. The colony 

was originally from Thailand in 2005 (Import Permit No.17Y566) as 

the oriental fruit fly was eradicated in Japan in 1986 (Yoshizawa 

1997). The flies were kept at 26±1℃, 65±10%RH and a photoperiod 

of 13L: 11D and given an artificial diet (sugar, yeast) and water in the 

adult cage (30 × 30 × 45 cm). Eggs were obtained from gravid 

females by placing a polyethylene receptacle (8 cm in diameter, 13 

cm in height) with small oviposition holes into the adult cage for one 

hour. The inner surface of the receptacle was moistened with orange 

juice. Eggs were seeded onto the artificial diet (comprising 1 L; wheat 

bran 225 g, crude dry yeast 30 g, granulated sugar 45 g, toilet paper 

30 g, Methyl hydroxybenzoate 0.6 g, sorbic acid 0.6 g, HCL (10%) 

15 ml and tap water 900 ml) for larval development. Under rearing 

conditions at 26±1℃ and 65±10%RH, the egg period was about 24 

hours. The first, second, third instars developed in the diet 48 hours (2 

days), 72 hours (3 days) and 96-168 hours (4-7 days) after egg 

collection, respectively. 

Cold treatment and temperature recording equipment

The following equipment was used for cold treatment depending 

on the experiment design; a cold treatment room (Nikkei Panel 

System Co., Ltd., Japan; 21.3m3) and two cold treatment chambers 

(Yamato Scientific Co., Ltd., Japan; Program Incubator Model: 

IQ820; 0.14m3). For the measurement of temperature inside the room 

or chamber, artificial diet, fruit core and plastic Petri dish, sensor 

probes (T&D Co., Ltd., Japan; Model: RTR-52) were used and the 

temperature was recorded every 15-30 minutes.  

Effect of pre-cooling rate on mortality of third instar larvae of B. 

dorsalis in artificial diet and orange

Based on the preliminary test in which it took 15, 25 and 45 hours 

of pre-cooling time to cool the fruit core temperature of lemon, 

orange and grapefruit from 26℃ to 2℃, 15, 25 and 45 hours of pre-

cooling times were selected to cool the artificial diet and orange from 

26℃ to 2℃.

Trial 1 (Third instar in artificial diet)

In preparation of the infested larval artificial diet, 100 eggs were 

counted on black filter paper (1.3 × 1.3 cm) saturated with water 

using a fine brush under the microscope. One hundred eggs on the 

black filter paper were placed on the artificial diet (200 g) in a plastic 

container (12 × 10.5 × 5.5 cm). In the artificial diet, third instars were 

obtained after seven days under the rearing condition (26±1℃). The 

plastic containers containing the artificial diet infested with third 

instars were placed in a carton box (46 × 31 × 13 cm) for 15-hour 

pre-cooling, a Styrofoam box (51.5 × 32 × 17 cm, 2.3 cm thick) for 

25-hour pre-cooling and a Styrofoam box (38 × 26 × 27 cm, 2.3 cm 

thick) with 2.6 kg of corn grains for 45-hour pre-cooling in order to 

cool the artificial diet gradually so the temperature reaches 2℃ just 

after pre-cooling. Then these boxes were loaded simultaneously into 

the cold room at 1.5℃. A temperature sensor to measure the 

temperature of each artificial diet during pre-cooling and the cold 

treatment period was placed in each box. After 15, 25 and 45 hours of 

pre-cooling, the containers with third instars in the diet were removed 

from the boxes and kept in the cold room for treatment at 2.0±0.5℃ 

of diet temperature for 2, 4, 6, 8 and 10 days. 

After each cold treatment exposure, two containers of the infested 

diet were removed from the cold treatment room and stored in the 

rearing room at 26℃ for 24 hours. Then the number of survivors 

(larvae with mobility) in the diet in the container was counted. As for 

the untreated control, the number of live third instars in the diet in the 

three containers was counted on the day when the treatment groups 

were loaded into the cold treatment room. Tests were replicated three 

times.

Trial 2 (Third instars in orange)

‘Navel’ orange, Citrus sinensis imported from USA (‘Imazalil’ and 

‘Thiabenzole (TBZ)’ have been applied in the exporting country as a 

food preservative and fungicide) was used. Third instars were 

obtained from the artificial diet after egg inoculation on the diet and 

rearing at 26±1℃ and 65±10%RH for four days. A triangle was cut 

out from the top of the fruit and a small amount of flesh was removed 

from the triangle to make space inside the fruit for larvae after the 

triangle was returned to the fruit. Fifty third instars were inoculated in 

the fruit. After making a respiration hole in the triangle by knife, the 

fruit was returned to the original form using tape. Infested fruits were 

placed in a plastic container (30 × 23 × 10 cm) and kept at 26±1℃ 

and 65±10%RH for 24 hours. Then, the oranges infested with third 

instars were placed in a carton box (46 × 31 × 13 cm) for 15-hour 

pre-cooling and a Styrofoam box (38 × 26 × 27 cm, 2.3 cm thick) 

with 2.6 kg of corn grains for 45-hour pre-cooling in order to cool the 

artificial diet gradually so the temperature reaches 2oC just after pre-

cooling. Then these boxes were loaded simultaneously into the cold 

treatment room set at 1.5℃. A temperature sensor probe was inserted 

into an uninfested fruit and placed in each box to monitor the fruit 

core temperature during the treatment. After 15 and 45 hours of pre-

cooling, the oranges with third instars were removed from the boxes 

and kept in the cold room for treatment at 2.0±0.5oC of fruit core 

temperature for 2, 4, 6, 8 and 10 days. 

After each cold treatment exposure, four infested fruit were 

removed from the cold room and kept in a plastic container 

(30×23×10 cm) and stored in the rearing room at 26℃ for 24 hours. 

Then the number of survivors in the orange were counted. As for the 
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untreated control, the number of live third instars and pupae in six 

fruits were counted three days after larval inoculation. Tests were 

replicated three times.

Effect of pre-cooling rate on mortality of four immature stages of B. 

dorsalis in artificial diet, orange and Petri dish

In this test, 5 and 25 hours of pre-cooling times were selected to 

cool the artificial diet, orange and Petri dish from 26℃ to 2℃ 

following Iwata et al. (1992).

Trial 3 (Four immature stages in artificial diet)

Two pieces of black filter paper with 200 eggs (100 eggs on each 

piece) were placed on the artificial diet (200 g) in a plastic container 

(12 × 10.5 × 5.5 cm). The infested diet was kept at 26±1℃ and 

65±10%RH for 1 day (24 hours), 2 days (48 hours), 3 days (72 hours) 

and 5 days (120 hours) to develop eggs and first, second and third 

instars, respectively. A temperature sensor probe was inserted into an 

uninfested artificial diet (200 g) in the plastic container to monitor the 

internal temperature of the diet during pre-cooling and the cold 

treatment.

For five-hour pre-cooling, the artificial diet infested with four 

immature stages and uninfested diet for monitoring its temperature 

were introduced simultaneously into the program cold treatment 

chamber set at -4.0℃ for pre-cooling in order to decrease the artificial 

diet temperature to 2℃ just after five-hour pre-cooling. After five-

hour pre-cooling, the artificial diet in the plastic containers was 

removed from the chamber and kept in the cold treatment room set at 

1.5℃ for cold treatment at 2.0±0.5℃ of diet temperature for 1, 2, 3, 

4 and 5 days. The mean temperature of the artificial diet was 1.7℃ 

(Rep.1: 2.6℃, Rep.2: 0.7℃, Rep.3: 1.8℃) just after five-hour pre-

cooling and 2.3℃ (Rep.1: 2.2℃, Rep.2: 2.2℃, Rep.3: 2.4℃) during 

the cold treatment.

For 25-hour pre-cooling, the artificial diet infested with four 

immature stages and uninfested diet for monitoring its temperature 

were packed in a Styrofoam box (51.5 × 32 × 17 cm, 2.3 cm thick) 

and introduced into the cold treatment room set at 1.5℃ in order to 

decrease the artificial diet temperature to 2oC just after 25-hour pre-

cooling. After 25-hour pre-cooling, the artificial diet in the plastic 

containers was removed from the Styrofoam box and still kept in the 

same cold room for cold treatment at 2.0±0.5oC of diet temperature 

for 1, 2, 3, 4 and 5 days. The mean temperature of the artificial diet 

was 2.4℃ (Rep.1: 2.4℃, Rep.2: 2.4℃, Rep.3: 2.4℃) just after 25-

hour pre-cooling and 2.3℃ (Rep.1: 2.2℃, Rep.2: 2.2℃, Rep.3: 

2.4℃) during the cold treatment.

After the implementation of each cold treatment exposure, the 

artificial diet infested with eggs and first, second and third instars in 

the containers (one container per each developmental stage) was 

removed from the cold treatment room and kept in the rearing room 

at 26℃ for 4, 3, 2 and 1 days, respectively. Then the number of 

survivors in the diet in the container was counted. The larvae with 

mobility were assumed as survivors. The untreated control for each 

developmental stage was prepared in the same manner at the same 

time as the treatment groups, and kept at 26±1℃ and 65±10%RH for 

a certain number of days, i.e., 4 days, 3 days, 2 days and 0 days (= the 

day the cold treatment group was introduced into the program 

chamber) for eggs and first, second and third instars, respectively. 

Then the number of live larvae in the diet in one container for each 

developmental stage was counted. The tests were replicated three 

times.

Trial 4 (Four immature stages in orange)

‘Navel’ orange, Citrus sinensis produced in the USA (Average 210 

g per fruit, ‘Imazalil’ and ‘TBZ’ were applied in the exporting country 

as a food preservative and fungicide) was used. One hundred eggs on 

the black filter paper were inoculated in the fruit in the same manner 

as Trial 2. The infested fruits were kept at 26±1℃ and 65±10%RH 

for 1 day (24 hours), 2 days (48 hours), 3 days (72 hours) and 5 days 

(120 hours) so eggs and first, second and third instars developed, 

respectively. The fruits infested with four immature stages and an 

uninfested fruit in which a temperature sensor probe was inserted to 

monitor the fruit core temperature were introduced simultaneously 

into the program cold treatment chamber. The chamber temperature 

program was set at two different pre-cooling rates in order to decrease 

the fruit core temperature from 26℃ to 2oC just after 5-hour and 25-

hour pre-cooling. After 5-hour and 25-hour pre-cooling, the infested 

fruits were removed from the program chamber, placed in a plastic 

container (10.5 × 9.5 × 5 cm) and then kept in the cold room set at 

1.5℃ for cold treatment at 2.0±0.5℃ of fruit temperature for 8, 10 

and 12 days. The mean temperature of fruit cores was 4.4℃ (Rep.1: 

4.7℃, Rep.2: 4.1℃) after 5-hour pre-cooling and 2.1℃ (Rep.1: 

2.0℃, Rep.2: 2.2℃) during the cold treatment. Similarly, the mean 

temperature of fruit cores was 2.2℃ (Rep.1: 2.7℃, Rep.2: 1.6℃) 

after 25-hour pre-cooling and 2.2℃ (Rep.1: 2.1℃, Rep.2: 2.2℃) 

during the cold treatment.

After implementation of each cold treatment exposure, the fruit 

infested with eggs and first, second and third instars (four fruits per 

each developmental stage) were removed from the cold room and 

kept in the rearing room at 26℃ for 5, 4, 3 and 2 days, respectively. 

Then the number of survivors in the treated fruit was counted. The 

larvae with mobility were assumed as survivors. The untreated control 

for each developmental stage was prepared in the same manner at the 

same time as the treatment groups, and kept at 26±1℃ and 

65±10%RH for  4, 3, 2 and 0 days for eggs and first, second and third 

instars, respectively. Then the number of live larvae in the fruit was 

counted (four fruits per each developmental stage). The tests were 

replicated two times.

 

Trial 5 (Four immature stages in Petri dish)

The eggs were placed on wet filter paper in a Petri dish at 26℃ for 

24 hours. First instars in water in a plastic cup were collected two 
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days after egg seeding on gauze placed on the water surface in the 

cup in which eggs hatched and first instars went through the gauze to 

the bottom of the cup. Second and third instars were obtained from 

the artificial diet in plastic containers 3 days (72 hours) and 5 days 

(120 hours), respectively, after egg seeding on the diet and rearing at 

26±1℃ and 65±10%RH. Fifty individuals in each developmental 

stage were placed on filter paper moistened with 5 ml of orange juice 

in a plastic Petri dish (9 cm in diameter, 1.5 cm in height) to prevent 

drying and starvation. The Petri dishes containing four immature 

stages and Petri dish prepared in the same manner without insects in 

which a temperature sensor probe was inserted to monitor the 

temperature inside the Petri dish were introduced simultaneously into 

the cold treatment chamber. The chamber temperature program was 

set at the two different pre-cooling rates in order to decrease the 

temperature inside the Petri dishes from 26℃ to 2oC just after 5-hour 

and 25-hour pre-cooling. After 5 and 25 hours of pre-cooling, the 

Petri dishes were removed from the program chamber and kept in the 

cold treatment room at 2.0±0.5℃ of temperature inside the Petri 

dishes for 2, 4, 6, 8 and 10 days. The mean temperature in the Petri 

dishes was 2.2℃ (Rep.1: 2.1℃, Rep.2: 2.4℃, Rep.3: 2.2℃) just 

after 5-hour pre-cooling and 2.0℃ (Rep.1: 1.9℃, Rep.2: 2.0℃, 

Rep.3: 2.1℃) during the cold treatment. Similarly, the mean 

temperature in the Petri dishes was 2.7℃ (Rep.1: 2.9℃, Rep.2: 

3.1℃, Rep.3: 2.1℃) just after 25-hour pre-cooling and 2.0℃ (Rep.1: 

1.9℃, Rep.2: 2.0℃, Rep.3: 2.1℃) during the cold treatment.

After implementation of each cold treatment exposure, the Petri 

dishes infested with 150 individuals of each developmental stage (50 

eggs or larvae × three dishes) were removed from the cold treatment 

room and kept in the rearing room at 26℃ for 1-2 days. Then the 

number of survivors in the Petri dishes was counted. The hatched 

eggs and the larvae with mobility were assumed as survivors. The 

untreated control for each developmental stage (50 eggs or larvae × 

three dishes) was prepared in the same manner at the same time as the 

treatment groups, and kept at 26±1℃ and 65±10%RH for 2 days. 

Then the number of hatched egg and live larvae in the Petri dish was 

counted. The tests were replicated three times.

Data Analysis

All mortality data was corrected using Abbott’s formula (Abbott 

1925) to analyze the effect of the pre-cooling rate on cold treatment 

mortality. The mortality data was also subjected to Probit analysis 

using SAS® University Edition (SAS Institute Inc., Cary, NC) to 

estimate the days until lethal (exposure period) for mortality of 95% 

(LD95) and 99% (LD99), respectively.

Results and Discussion

Effect of pre-cooling rate on mortality of third instar larvae of B. 

dorsalis in artificial diet and orange

Trial 1 (Third instar larvae in artificial diet)

The lowest mortality of third instar larvae in the artificial diet was 

observed after the longest pre-cooling (45 hours) in 6, 8 and 10 day 

exposure periods (Table 1). Comparisons of LD values among the 

three pre-cooling times showed that the third instars in the artificial 

Table 1.  Number of survivors and corrected mortality of third instars of Bactrocera dorsalis in artificial diet (200 g) after three different rates of 
pre-cooling (from 26oC to 2oC taking 15, 25 and 45 hours) and cold treatment at 2.0±0.5oC for 2-10 days

Exposure 
periods at  
2oC cold 
treatment 

(days)

Pre-cooling time
15 hours 25 hours 45 hours

No. of 
inoculated eggs 

on diet1)

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
inoculated eggs 

on diet1)

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
inoculated eggs 

on diet1)

No. of 
survivors1)

Corrected 
mortality2)

(%)

Control 900 793 - 900 793 - 900 793 -

2 600 278 47.4 600 214 59.5 600 195 63.1

4 600 119 77.5 600 133 74.8 600 111 79.0

6 600 54 89.8 600 59 88.8 600 75 85.8

8 600 24 95.5 600 20 96.7 600 29 94.5

10 600 3 99.4 600 0 100 600 8 98.5
1) Total of 3 replicates. In each replication, 3 containers (100 eggs×3) and 2 containers (100 eggs×2) was used for control group and treatment group, 

respectively.
2) Calculated from the data of 3 replicates.

Pre-cooling time (hours) LD95 (95% CL) LD99 (95% CL)
15 7.487 (6.972 - 8.121) 12.492 (11.239 - 14.146)
25 7.775 (7.152 - 8.574) 14.183 (12.447 - 16.610)
45 9.003 (8.109 - 10.216) 18.806 (15.828 - 23.332)

Table 2.  Estimates and 95% confidence limits (CL) of days exposure at 2±0.5oC required to kill 95% (LD95) and 99% (LD99) 
of third instars of Bactrocera dorsalis in artificial diet (200 g) after three different rates of pre-cooling
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diet after the longer pre-cooling time required longer exposure days 

at 2℃ for 95% and 99% mortality (Table 2).

Trial 2 (Third instar larvae in orange)

There was no clear difference between the mortalities of third 

instars in orange after 15 hours and 45 hours of pre-cooling (Tables 3 

and 4). 

Effect of pre-cooling rate on mortality of four immature stages of B. 

dorsalis in artificial diet, orange and Petri dish

Trial 3 (Four immature stages in artificial diet)

In each treatment period, the corrected mortality of immature 

stages after 25-hour pre-cooling was higher than that after 5-hour pre-

cooling. No survivors of the first instars after 5 hours and 25 hours of 

pre-cooling was observed after three day exposure; however, 

Exposure periods 
at 2oC cold 

treament (days)

Pre-cooling time
15 hours 45 hours

No. of inoculated 
larvae in fruits1) No. of survivors1) Corrected mortality2)

(%)
No. of inoculated 
larvae in fruits 1) No. of survivors1) Corrected mortality2)

(%)

Control 900 843 - 900 843 -
2 600 315 44.0 600 304 45.9
4 600 216 61.6 600 175 68.9
6 600 64 88.6 600 95 83.1
8 600 32 94.3 600 21 96.3
10 600 7 98.8 600 9 98.4

1) Total of 3 replicates. In each replication, 6 fruits (50 larvae×6) and 4 fruits (50 larvae×4) was used for control group and treatment group, 
respectively.

2) Calculated from the data of 3 replicates.

Table 3.  Number of survivors and corrected mortality of third instars of Bactrocera dorsalis in ‘Navel’ orange after three different rates of pre-
cooling (from 26oC to 2oC taking 15 and 45 hours) and cold treatment at 2.0±0.5oC for 2-10 days

Pre-cooling time (hours) LD95 (95% CL) LD99 (95% CL)
15 8.761 (8.164 - 9.495) 14.618 (13.178 - 16.493)
45 8.869 (8.230 - 9.665) 15.273 (13.658 - 17.409)

Table 4.  Estimates and 95% confidence limits (CL) of days exposure at 2±0.5oC required to kill 95% (LD95) and 99% (LD99) 
of third instars of Bactrocera dorsalis in ‘Navel’ orange after at two different rates of pre-cooling

Pre-cooling 
time (hrs)

Exposure 
periods at 2oC 
cold treatment 

(days)

Egg First instar Second instar Third instar

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
survivors1)

Corrected 
mortality2)

(%)

5

Control 490 - 516 - 531 - 507 -
1 446 9.0 438 15.1 394 25.8 277 45.4
2 349 28.8 70 86.4 199 62.5 142 72.0
3 172 64.9 0 100 47 91.1 52 89.7
4 31 93.7 0 100 15 97.2 8 98.4
5 4 99.2 0 100 4 99.2 1 99.8

25

Control 514 - 521 - 536 - 527 -
1 355 30.9 160 69.3 241 55.0 233 55.8
2 161 68.7 7 98.7 73 86.4 118 77.6
3 118 77.0 0 100 22 95.9 21 96.0
4 24 95.3 0 100 3 99.4 5 99.1
5 1 99.8 0 100 2 99.6 1 99.8

Each developmental stage (egg, first instar, second instar and third instar) in artificial diet was prepared after egg inoculation (100 eggs × 2) and kept 
at 26oC for 1 day (24 hours), 2 days (48 hours), 3 days (72 hours) and 5 days (120 hours), respectively, in each experiment lot in each replicate. 
Replicated 3 times.
1) Total of 3 replicates
2) Calculated from the data of 3 replicates.

Table 5.  Number of survivors and corrected mortality of immature stages of Bactrocera dorsalis in artificial diet (200 g) after two different rates of 
pre-cooling (from 26oC to 2oC taking 5 and 25 hours) and cold treatment at 2.0±0.5oC for 1-5 days
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survivors of the other developmental stages after 5 hours and 25 

hours of pre-cooling was observed up to five days. The most tolerant 

developmental stage was not determined clearly among eggs and 

second and third instars from corrected mortality (Table 5). 

Comparison of LD values between 5 and 25 hours-hour pre-cooling 

showed that eggs after 25-hour pre-cooling required longer exposure 

days for 95% and 99% mortality than those after 5-hour pre-cooling; 

however, first, second and third instars after 5-hour pre-cooling 

required longer exposure days for 95% and 99% mortality than those 

after 25-hour pre-cooling. Comparison of LD value among immature 

stages showed that first instars were consistently most susceptible in 

both 5-hour pre-cooling and 25-hour pre-cooling, and eggs were the 

most tolerant stage after both pre-cooling rates, although the LD99 of 

third instars was larger after 5-hour pre-cooling than that of eggs 

(Table 6).  

Iwata et al. (1992) reported that the artificial diet infested with each 

developmental stage (freshly laid eggs, one day old eggs, young 

larvae and mature larvae) of B. dorsalis were subjected to the cold 

treatment after 5-hour and 27-hour pre-cooling from an ambient 

temperature to 1℃, and the most cold-tolerant stage was one day old 

eggs after 5-hour pre-cooling and third instar larvae after 27-hour pre-

cooling. No clear trend was observed in the cold treatment at 2.3℃ in 

our results between 5-hour and 25-hour pre-cooling. 

Trial 4 (Four immature stages in orange)

No clear difference in mortality was observed in all developmental 

stages between 5-hour and 25-hour pre-cooling. Both results after 

5-hour and 25-hour pre-cooling indicated that third instars were 

clearly the most cold-tolerant stage in orange because the treatment 

period up to 10 days did not produce 100% mortality, while 100% 

mortality of the other developmental stages was observed in 8 or 10 

days of the treatment period (Table 7).

LD values could not be calculated because less data was available, 

except that of third instars. Third instars after five-hour pre-cooling 

required longer exposure days for 95% and 99% mortality than those 

after 25-hour pre-cooling (Table 8).

Iwata et al. (1992) inoculated B. dorsalis eggs and third instars 

grown in an artificial diet to ‘Valencia’ oranges and incubated at 27℃ 

Table 6.  Estimates and 95% confidence limits (CL) of days exposure at 2.0±0.5oC required to kill 95% (LD95) and 99% (LD99) of 
immature stages of Bactrocera dorsalis in artificial diet (200 g) after two different rates of pre-cooling (from 26oC to 2oC 
taking 5 and 25 hours)

Pre-cooling time (hrs) Developmental stage LD95 (95% CL) LD99 (95% CL)

5

Egg 4.298 (4.136 - 4.494) 5.311 (5.031 - 5.667)

First instar 2.309 (2.212 - 2.422) 2.841 (2.688 - 3.033)

Second instar 3.674 (3.487 - 3.896) 5.273 (4.901 - 5.736)

Third instar 3.572 (3.342 - 3.852) 5.638 (5.122 - 6.310)

25

Egg 4.374 (4.097 - 4.711) 6.845 (6.229 - 7.641)

First instar 1.573 (1.475 - 1.710) 2.061 (1.871 - 2.350)

Second instar 2.724 (2.554 - 2.930) 4.234 (3.857 - 4.727)

Third instar 3.028 (2.832 - 3.269) 4.830 (4.377 - 5.426)

Table 7.  Number of survivors and corrected mortality of immature stages of Bactocera dorsalis in ‘Navel’ orange after two different rates of pre-
cooling (from 26oC to 2oC taking 5 and 25 hours) and cold treatment at 2.0±0.5oC for 8-12 days

Pre-cooling 
time (hrs)

Exposure 
periods at 2oC 
cold treatment 

(days)

Egg First instar Second instar Third instar

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
survivors1)

Corrected 
mortality2)

(%)

5 Control 418 - 350 - 384 - 449 -
8 0 100 0 100 1 99.7 11 97.4
10 0 100 0 100 0 100 4 99.1
12 0 100 0 100 0 100 0 100

25 Control 439 - 433 - 353 - 438 -
8 0 100 0 100 2 99.4 5 98.9
10 0 100 0 100 0 100 2 99.5
12 0 100 0 100 0 100 0 100

Each developmental stage (egg, first instar, second instar and third instar) in orange was prepared after egg inoculation (100 eggs × 4 fruit) and kept 
at 26oC for 1 day (24 hours), 2 days (48 hours), 3 days (72 hours) and 5 days (120 hours), respectively in each experiment lot in each replicate. 
Replicated twice
1) Total of 2 replicates
2) Calculated from the data of 2 replicates.
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for one night, then the infested fruits were subjected to cold treatment 

at 1℃ after 5-hour and 22-hour pre-cooling from an ambient 

temperature to 1℃, and they found one day old eggs were more 

tolerant than third instars in fruit after 5-hour pre-cooling, while third 

instars were more tolerant in orange after 22-hour pre-cooling. 

Though a direct comparison was impossible due to the different 

infestation techniques regarding third instars in our experiments, our 

results showed that third instars were the most cold-tolerant stage in 

orange after both 5-hour and 25-hour pre-cooling and the 

determination of the most tolerant stage among the immature stages 

of B. dorsalis infesting orange was not influenced by the pre-cooling 

time.

Gourd and Hennessey (1997) found rapid cooling in water (45 min 

from 26℃ to 1℃) increased mortality of third instars of the 

Caribbean fruit fly, Anastrepha suspensa (Loew), in carambolas over 

passive air cooling (at least 24 hours from 26℃ to 1℃) when they 

used infested fruit with a natural infestation. Nevertheless, our results 

of third instars of B. dorsalis in oranges do not show such a clear 

trend in mortality between 5-hour and 25-hour pre-cooling from 26℃ 

to 2℃ by air cooling (Table 8).

Myers et al. (2016) reared third instars of six Bactrocera fruit fly 

species reared on an orange and carrot-based artificial diet and 

subjected to cold treatment at 2℃, and they found that third instars 

reared on the diet were more tolerant than those reared on orange. 

Regarding our results obtained from separate experiments (Trial 3 

and Trial 4) which were conducted with different exposure treatment 

periods between an artificial diet (1-5 days) and orange (8-10 days), 

an indirect comparison of LD values between third instars reared on 

orange and an artificial diet shows that third instars reared on orange 

are more tolerant than those reared on the diet (Table 6 and 8).

Trial 5 (Four immature stages in Petri dish)

The mortality of eggs after 25-hour pre-cooling was higher than 

that after 5-hour pre-cooling; however, mortality of the other 

developmental stages after 25-hour pre-cooling was lower than that 

after 5 hours. Both results of 5-hour and 25-hour pre-cooling 

indicated that second instars were clearly the most cold-tolerant 

stage in the Petri dish because the corrected mortality of second 

instars was lower than those of the other stages in 8 and 10 days 

exposure (Table 9).

Comparison of LD values between 5-hour and 25-hour pre-cooling 

showed all developmental stages after 25-hour pre-cooling required 

longer exposure days for 95% and 99% mortality than those after 

5-hour pre-cooling except for LD95 of egg. Comparison of LD values 

among the four immature stages showed that second instars were 

most tolerant after both 5-hour and 25-hour pre-cooling, and the 

Table 8.  Estimates and 95% confidence limits (CL) of days exposure at 2.0±0.5oC required to kill 95% (LD95) 
and 99% (LD99) of third instars of Bactrocera. dorsalis in ‘Navel’ orange after two different rates of 
pre-cooling (from 26oC to 2oC taking 5 and 25 hours)

Pre-cooling time (hrs) LD95 (95 % CL) LD99 (95% CL)

5 7.129 (5.070 - 7.878) 9.291 (8.575 - 10.928)

25 6.118 (0.083 - 7.405) 8.280 (4.010 - 9.679)

Table 9.  Number of survivors and corrected mortality of immature stages of Bactrocera dorsalis in Petri-dish after two different rates of pre-
cooling (from 26oC to 2oC taking 5 and 25 hours) and cold treatment at 2.0±0.5oC for 2-10 days

Pre-cooling 
time (hrs)

Exposure 
periods at 2oC 
cold treatment 

(days)

Egg First instar Second instar Third instar

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
survivors1)

Corrected 
mortality2)

(%)

No. of 
survivors1)

Corrected 
mortality2)

(%)

5 Control 414 - 444 - 449 - 436 -
2 413 0.2 187 57.9 358 20.3 137 68.6
4 260 37.2 28 93.7 166 63.0 31 92.9
6 13 96.9 4 99.1 56 87.5 17 96.1
8 0 100 0 100 22 95.1 3 99.3

10 0 100 0 100 13 97.1 1 99.8
25 Control 419 - 446 - 445 - 442 -

2 364 13.1 429 3.8 396 11.0 267 39.6
4 123 70.6 375 15.9 295 33.7 137 69.0
6 2 99.5 201 54.9 157 64.7 55 87.6
8 0 100 29 93.5 86 80.7 14 96.8

10 0 100 1 99.8 45 89.9 2 99.5
Each developmental stage (egg, first instar, second instar and third instar) in Petri-dish was prepared (50 eggs/larvae × 3) in each experiment lot in 
each replicate. Replicated 3 times
1) Total of 3 replicates
2) Calculated from the data of 3 replicates.
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determination of the most tolerant stage among the immature stages 

of B. dorsalis in the Petri dish was not influenced by the pre-cooling 

time (Table 10). 

Similar experiments using the naked immature stages of the 

Mexican fruit fly, Anastrepha ludens, in Petri dishes were conducted 

by Dohino et al. (2000) and they found that the three-day-old egg was 

the most cold-tolerant stage among egg (1, 2, 3 and 4-day-old), young 

larvae and third instars exposed at 1℃ for 3-15 days.

Moore et al.  (2016) reported in the false codling moth, 

Thaumatotibia leucotreta (Meyrick), it is difficult to collect infested 

fruit from fields or make infested fruit in the laboratory for large-scale 

tests; however, while it is possible to provide large numbers of larvae 

reared in an artificial diet on a mass scale, before proceeding with 

large-scale cold treatment trials, it was necessary to confirm that the 

cold susceptibility of laboratory-reared larvae in artificial diets is 

sufficiently similar to that of feral larvae in fruit.

Our experiment results of the Petri dish test, in which naked insects 

were directly exposed to cold, shows first, second and third instars 

received higher cold tolerance after longer pre-cooling; however, the 

mortality of these larvae in an artificial diet and orange was not 

always lower after longer pre-cooling. It suggests that the effect on 

mortality can be different depending on the pre-cooling rate, infested 

medium, etc.

Furthermore, the most tolerant developmental stage against cold 

was third instars in orange, second instars in the Petri dish, and not 

detected in the artificial diet after both longer and shorter pre-cooling. 

It suggests that the cooling rate might not affect the determination of 

the most cold-tolerant stage at 2℃ among the immature stages of B. 

dorsalis, however, the most cold-tolerant stage was different 

depending on the infested medium. Therefore, it is recommended that 

insects infesting fruit should be used for determining the most tolerant 

stage in the development of phytosanitary cold treatments.
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和　文　摘　要

予冷時間等の違いがミカンコミバエの卵及び幼虫の低温殺虫効果に及ぼす影響

土肥野　利幸・大村　和孝 1)・丹野　昌浩 2)・安達　浩之 3)

横浜植物防疫所調査研究部

低温処理の予冷時間の違い（温度下降率）等がミバエの発育
ステージの殺虫率に与える影響を調査した。
ミカンコミバエの各発育ステージ（卵、1齢幼虫、2齢幼虫、

3齢幼虫）の寄生した人工飼料、オレンジ生果実及び各発育ス
テージをオレンジ果汁とともに入れたプラスチックシャーレを
異なる予冷時間（5時間、25時間）で 26℃から 2.0℃に低下さ
せた後、低温処理（1～ 12日間）し、殺虫率を比較した。裸
虫のまま低温に曝されるシャーレの試験結果から幼虫はゆっく
り冷やされる間に低温耐性を得ていると考えられた。一方、人
工飼料やオレンジでの試験結果では、必ずしも予冷時間が長い

区の殺虫率が低くなっておらず、予冷時間の長さやミバエを寄
生させるものにより、殺虫効果への影響が異なることが考えら
れた。
また、いずれの予冷時間でも、オレンジでは 3齢幼虫、プラ

スチックシャーレでは 2齢幼虫が最耐性ステージであったが、
人工飼料では最耐性ステージは明確ではなかった。これらのこ
とから、予冷時間の違いは最耐性ステージの決定には影響しな
いことが示唆されたが、最耐性ステージがミバエを寄生させる
ものにより異なったことから、基準開発では生果実を用いて最
耐性ステージを決定する必要があると考えられた。
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