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ABSTRACT The fruit fly Bactrocera tau (Walker) is an important quarantine pest that damages fruits
and vegetables throughout Asian regions. Host commodities shipped from infested areas should undergo
phytosanitary measures to reduce the risk of shipping viable flies. The dose–response tests with 1-d-old
eggs and 3-, 5-, 7-, 8-d-old larvae were initiated to determine the most resistant stages in fruits, and the
minimum dose for 99.9968% prevention of adult eclosion at 95% confidence level was validated in the
confirmatory tests. The results showed that 1) the pupariation rate was not affected by gamma radiation
except for eggs and first instars, while the percent of eclosion was reduced significantly in all instars at all
radiation dose; 2) the tolerance to radiation increased with increasing age and developmental stage; 3)
the estimated dose to 99.9968% preventing adult eclosion from late third instars was 70.9 Gy (95% CL:
65.6–78.2, probit model) and 71.8 Gy (95% CL: 63.0–87.3, logit model); and iv) in total, 107,135 late
third instars cage infested in pumpkin fruits were irradiated at the target dose of 70 Gy (62.5–85.0, Gy
measured), which resulted in no adult emergence in the two confirmatory tests. Therefore, a minimum
dose of 85 and 72 Gy, which could prevent adult emergence at the efficacy of 99.9972 and 99.9938% at
the 95% confidence level, respectively, can be recommended as a minimum dose for phytosanitary treat-
ment of B. tau in any host fruits and vegetables under ambient atmospheres.
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Introduction

The fruit fly Bactrocera tau (Walker) is a primary
pest that damages fruits and vegetables throughout
South Asian countries (India, Sri Lanka, Bangladesh,
and Bhutan), to Southeast Asian countries (Thailand,
Laos, Myanmar, Pakistan, Singapore, Cambodia, Ma-
laysia, Vietnam, Philippines, and Indonesia), and the
Far East Asian region including Taiwan and South
China (Fujian, Guangdong, Guangxi, Guizhou, Hainan,
Hubei, Hong Kong, Sichuan, Yunnan, and Zhejiang;
White and Elson-Harris 1992, Akhtaruzzaman et al.
1999, Thanaphum and Thaenkham 2003, Prabhakar
et al. 2009, Hu et al. 2010). Host plants of B. tau are
Anacardiaceae, Cucurbitaceae, Elaeocarpaceae,
Moraceae, Myrtaceae, Oxalidaceae, Rutaceae, Sapota-
ceae, and Solanaceae (Mahfuza et al. 2011). The fly ap-
pears to show a preference for attacking the fruits of
Cucurbitaceae, such as melon (Cucumis melo L.), cu-
cumber (Cucumis sativus L.), pumpkin (Cucurbita
maxima Duchesne), angled luffa [Luffa acutangula (L.)

Roxb.], and bitter gourd (Momordica charantia L.;
CAB International [CABI] 2009). Like other fruit flies,
B. tau damages fruits and vegetables by laying eggs un-
der the skin. The eggs hatch into larvae feeding in the
flesh of the fruits or vegetables. Infested fruits and veg-
etables become rotten and inedible or drop to the
ground prematurely, thus causing considerable produc-
tion losses (Li et al. 2006). In China, the production
losses caused by B. tau were 21–34% in Sirairtia gro-
suenorii Swingle and 21.3–31.8% in pumpkin (Deng
1992, Liu et al. 2005). In Indonesia, the fruit loss of
passion fruit (Passiflora edulis Sims) was estimated as
high as 40% (Hasyim et al. 2008). Therefore, this fruit
fly has been regarded as a potential high risk pest by
importing countries, such as the United States, Austra-
lia, New Zealand, and Japan (Ohno et al. 2008, CABI
2009, Biosecurity Australia 2011, Hossain et al. 2011).

Currently, fumigation, temperature (cold and heat),
and irradiation are the main phytosanitary treatment
measures that are commonly used for postharvest disin-
festations of fruit flies in fruits and vegetables (Heather
and Hallman 2008). Fumigation with methyl bromide
is the most common type of insect disinfestation treat-
ment, but leaves residues after the fumigation (Bell
2000). Irradiation is a promising phytosanitary treat-
ment that is increasing in use worldwide. Advantages
over other treatments include tolerance by the vast ma-
jority of fresh commodities, ability to treat in final pack-
aging in pallet loads, and lack of residues (Hallman
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2011). Usually, prevention of emergence of normal
looking adults and not larval mortality is the objective of
irradiation treatments of tephritids. The International
Plant Protection Convention (IPPC) approved the
generic dose of 150 Gy for Tephritidae, citing the 11
studies that may lead to 99.9968% prevention of normal-
looking adult eclosion from third instars at a 95% confi-
dence level (Hallman 2012). However, to save resources
and reduce the potential negative effect of an irradiation
treatment on commodities, the effective dose for any
treatment should be made as low as possible (Torres and
Hallman 2007). Although, Hossain et al. (2006)
developed the dose required to kill immature stages of
B. tau in fruits, the minimum dose for prevention of
adult emergence was not identified and should be
established to facilitate the application of irradiation as a
phytosanitary treatment of fruits and vegetables.

The objective of this research was to compare the ra-
diation tolerance in eggs and instars of B. tau that infest
host fruits and vegetables, and determine the minimum
absorbed dose that provides quarantine security of late
third instars in pumpkin fruits at the ED99.9968 (effec-
tive dose) with 95% confidence level. This required
conducting dose–response tests to determine the most
tolerant stage infested in fruits, and treating a mini-
mum of 93,636 late third instars (the most tolerant
stage) with no adult emergence in the confirmatory
tests (Couey and Chew 1986, IPPC 2003, 2007).

Materials and Methods

Insects Rearing. Test insects were originally col-
lected from pumpkin fruits that were infested with
B. tau in a pumpkin field in Guangzhou city, Guang-
dong Province, China, in 2011 and 2012. Late third
instars of B. tau that emerged out of pumpkin fruits
were transferred to moist sand for pupariation in labo-
ratory. One day before adult eclosion, the pupae were
placed in rearing cages (60 by 60 by 120 cm), and the
adults were fed with fresh papaya pulp and a solid mix-
ture of sucrose and hydrolyzed yeast (3:1) (Li et al.
2014). Eggs were colleted by placing pumpkin pulp sli-
ces (2–3 mm in thickness) in Petri dishes in the adults
rearing cage, and transferred to the surface of pumpkin
slices (�1 cm in thickness) that placed in the rearing
boxes. Larvae were allowed to develop in pumpkin
pulp till late third instars emerged (8 d in the rearing
room), then pupariated in moist sand and subsequently
emerged. All the stages were reared under 24–26�C,
50–70% relative humidity (RH), with a photoperiod of
14:10 (L:D) h in the rearing room.

Experiment Design. Egg Collection and Larvae
Rearing. To minimize variation in egg age, eggs laid by
adults within 2 h were divided on to the black filter
papers with 100 individual eggs on each, and then
transferred to the pumpkin slices (�1 cm in thickness)
that were placed on the bottom of rearing cups (plastic,
6 cm in diameter and 5 cm in height). New pumpkin
pulp was added for B. tau larvae feeding and develop-
ment to the required stages.

Dose–Response Tests on Eggs. To conduct
dose–response test, the ISPM #18 recommended using

at least five dose levels and a control for each develop-
mental stage, with a minimum of 50 individuals, where
possible, for each of the doses and a minimum of three
replicates (IPPC 2003). The 1-d-old eggs (in the rearing
cups with pumpkin slices) were irradiated at a series
doses between 7 and 49 Gy at 7-Gy increments; each
dose was replicated three times (three cups).

Dose–Response Tests on Larvae. According to the
lifespan of B. tau developed under laboratory condition
at 25�C and 60–70% RH on pumpkin (Singh et al.
2010), the first, second, third, and late third instars
used in the dose–response tests were prepared by plac-
ing eggs on pumpkin slices within rearing cup (100
eggs per cup) for the development of 3, 5, 7, and 8 d,
respectively. All larval stages were irradiated at the tar-
get dose of 14 (for first and second instars), 21, 28, 35,
42, 49, 56, and 63 Gy (for third and late third instars);
each dose was replicated three times (three cups).

Confirmatory Tests on Late Third Instars. To con-
firm the minimum dose to provide quarantine security
at the 99.9968% level of prevention of adult emergence
(95% confidence level), a target dose of 70 Gy (based
on the probit analysis) was applied to the pumpkins
infested with late third instars (8 d old). The confirma-
tory tests were repeated until the cumulative number
of insects treated exceeded 100,000. On each of the
confirmatory tests, 60 pumpkins (1.5–2 kg, water-
washed surface) were placed in two adult cages for 2 h
to allow for oviposition. The infested pumpkins were
placed in 10-litre plastic boxes for 8 d, where a nylon
net was used for preventing the escape of larvae.

Irradiation Treatment. Irradiator. All irradiation
treatments were conducted at the National Institute of
Metrology Research Irradiator, Beijing, China, where a
1.5� 1015 Bq Colbalt-60 source of gamma radiation
was located 5 m below the surface of the platform used
for radiation treatment. Reference standard and rou-
tine dosimetry were done with the Fricke system
(ASTM E1026-13, 2002). This dosimetry system was
calibrated in accordance with the international standard
ISO/ASTM 51261 (2002) and ASTM E1026-13 (2002),
and the uncertainty of the measured value was calcu-
lated according to ISO/ASTM 51707 (2002).

Gamma Radiation in the Dose–response Tests. All
the eggs and larvae reared in pumpkin pulps desig-
nated to be irradiated at the same dose were subjected
to gamma radiation simultaneously, where the rearing
cups were placed 100 cm from the source by randomly
placing every three cups in a row. Halfway through the
treatment, the irradiator was stopped and the cups
were each turned 180� to give a more uniform expo-
sure for each radiation dose. The absorbed dose was
monitored by placing 12 Fricke dosimeters (National
Institute of Metrology, Beijing, China) in the rearing
cups for the 56-Gy treatments; the dose rate monitored
was 6.1 Gy/min with the dose uniformity ratio (maxi-
mum/minimum) of 1.16.

Gamma Radiation in the Confirmatory Tests. Every
five pumpkins infested with 8-d-old larvae were placed
in one plastic box (20 by 33 by 23 cm) for radiation in
the two confirmatory tests. On each of the treatment
dates (September 2012 and March 2013), 1 box was
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selected as control and the other 11 boxes were exposed
to gamma radiation simultaneously on a platform sur-
rounding the source, where the boxes were placed
within 100 cm from the source. The irradiator was
stopped and the boxes were rotated 180� after half of
the total exposure time to give a more uniform exposure.
In each confirmatory test, five Fricke dosimeters (two in
the center and three on the surface of pumpkin) were
included in every fifth box to measure dose variation.

Rearing After Irradiation. After irradiation, the
eggs and immature larvae were reared with pumpkin
pulp in the rearing room to allow for the maturation of
larvae. All the emerging late third instars were trans-
ferred to moist sand for pupariation and adult eclosion.
The number of late third instars, pupae, and adults
were finally checked 3 wk after the late third instars
emerged from the pumpkin pulp.

Data Analysis. Dose–response data on the number of
late third instars, as well as the percentage of pupariation
and ecolosion in each dose and control, were subjected to
one-way analysis of variance (ANOVA), means were
separated by Tukey’s multiple comparison tests (Data
Processing System [DPS] 2010). To make comparison of
radiation tolerance between life stages, dose–response
data on percent mortality to adult stage for emerging late
third instars were arcsine-transformed to improve normal-
ity and subjected to linear regression after analysis of
covariance (ANCOVA) using the Tukey model. Data used
in the analyses included any radiation dose causing mor-
tality between 0 and 100%, and the lowest dose causing
100% mortality (Follett 2004, DPS 2010). For each repli-
cate, mortality values <100% were adjusted for control
mortality using Abbott’s formula (Abbott 1925). To
estimate the minimum dose for 99.9968% prevention of
adult emergence for conducting confirmatory test,
the dose–mortality data were subjected to probit analysis
(probit and logit model) using the PoloPlus program
(LeOra Software 2002). For the confirmatory tests, the
level of confidence associated with treating a number of
insects with 0 survivors is given by the equation,

C ¼ 1� ð1� PuÞn (1)

where Pu is the acceptable level of survivorship (as a
proportion) and n is the number of test insects (Couey
and Chew 1986). Confidence level was calculated for
the number of treated B. tau late third instars assuming
the efficacy of 99.9968% that was normally required by
the treatment of fruit flies (Hallman 1999, Follett and
Neven 2006), and the mortality proportion (1� Pu)
was calculated by equation (2) assuming the confidence
level at 95%.

1� Pu ¼ ð1� CÞ1=n (2)

Results

Radiation Effect on the Development to Pupae.
The number of late third instars of B. tau developing

out of irradiated eggs and larvae at all doses did not sig-
nificantly decreased as compared with their controls
(P> 0.05), indicating that the development to late third
instars was not strongly affected by radiation up to
63 Gy (Table 1). The percentage of pupariation was sig-
nificantly decreased in eggs (F7,16¼ 3.8; P¼ 0.0126)
and first instars (F7,16¼ 3.5; P¼ 0.0179) as compared
with their controls, but not significantly affected by
radiation doses up to 63 Gy in other instars (Table 1).
To compare the tolerance between life stages, the per-
centage of pupariation in Table 1 were corrected with
their control mortality and subject to ANOVA. The cor-
rected percentage of pupariation from eggs and first
instars were significantly lower than that in other
instars when irradiated at 35 Gy (F4,10¼ 6.0; P¼ 0.01),
42 Gy (F4,10¼ 6.3; P¼ 0.0086), or 49 Gy (F4,10¼ 6.2;
P¼ 0.0089), respectively. Thus, the lowest mean per-
centage of pupariation at the radiation doses >35 Gy in
eggs indicated that it was the most susceptible stage,
and first instars were more susceptible than other
instars when prohibition of pupariation was used as an
indicator of effectiveness.

Prevention of Adult Emergence. Percentage of
Adult Eclosion. The percentage of adult eclosion was
significantly decreased as dose increased for eggs
(F7,16¼ 165.2; P< 0.0001), first instars (F7,16¼ 131.7;
P< 0.0001), second instars (F7,16¼ 114.4; P< 0.0001),
third instars (F7,16¼ 583.6; P< 0.0001), and late third
instars (F7,16¼ 64.6; P< 0.0001) (Table 1). No eggs or
first instars developed to adults at a radiation dose of
35 Gy, no second instars developed to adults at 49 Gy,
and no third instars or late third instars developed to
adults at 56 Gy (Table 1), indicating that the minimum
dose to 100% prevention of adult eclosion increased
with increasing age and developmental stage.

Linear Regression. The dose–response data on pre-
vention of adult ecolosion from emerging late third
instars analyzed by ANCOVA showed mortality at all
stages, and the radiation dose had significant interac-
tion (F9,68¼ 4.8; P¼ 0.0018). Therefore, all radiation
doses affected the survival of different developmental
stages of B. tau, with the percentage mortality to adult
stage increased with increasing radiation dose. Linear
regression was used to test whether slopes were signifi-
cantly different from 0 (significant effect of radiation
dose), and to predict a radiation dose needed to pre-
vent adult eclosion in B. tau. Slopes were positive and
significant for eggs and all instars (P< 0.0001), indicat-
ing that the tolerance to radiation increased with
increasing age and developmental stage (Table 2). The
late third instars were predicted to require the highest
radiation dose to prevent 100% adult emergence (esti-
mated at 52.0 Gy), whereas the eggs were predicted to
require the lowest dose to prevent 100% adult emer-
gence (estimated at 33.1 Gy; Table 2).

Probit Analysis. The parameters from the results of
probit analysis (probit and logit model), including
slope, heterogeneity (chi-square divided by degrees of
freedom), and estimated minimum absorbed dose to
99% (ED99) and 99.9968% (ED99.9968) prevention of
adult emergence, are presented in Table 3. The esti-
mated ED99 and ED99.9968 analyzed by the probit were
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much closer to that estimated by the logit model, and
the small value of heterogeneity in probit model
(0.08–1.69) and logit model (0.13–2.72) indicated that
the estimations had good fit to the data. In addition,
the estimated ED99, which was very close to the dose
which produce 100% mortality in dose–response tests
(Tables 1 and 3), increased from eggs to late third
instars, indicating the resistance in B. tau to radiation
increased with increasing age and developmental stage.
Thus, the late third instars likely to be found in fruits
were determined to be the most tolerant stage in fruits.

Confirmatory Tests. Confirmatory tests were con-
ducted to validate the estimated dose to 99.9968%, pre-
venting adult eclosion from late third instars (the most
resistant stage in harvested fruits) of B. tau, where a
dose of 70 Gy was selected as target dose according to
the estimation of probit analysis (Table 3). No adults
emerged from 107,135 late third instars developed in
the pumpkin fruits, whereas the percentage of adult
eclosion in the control was >90% (Table 4). Actual
absorbed doses measured by dosimetry ranged from

62.0 to 71.7 Gy in the first and 65.3 to 85.0 Gy in the
second confirmatory test (Table 4), resulting in the
dose uniformity ratio (maximum/minimum) of 1.16 and
1.30, respectively.

Discussion

To identify the most resistant stage, the relationship
between dose and response for each stage of an insect
is determined using a dose–response test (IPPC 2003).
In general, tolerance in B. tau to radiation increased
with increasing age and developmental stage when
comparing the efficacy on preventing pupariation and
eclosion. The fact that a radiation dose of >35 Gy pro-
duced the lowest pupariation rate and 100% prevention
eclosion from irradiated 1-d-old eggs indicates that it is
more sensitive to radiation than other stages (Table 1).
Moreover, the linear regression and probit analysis are
ordinarily used to analyze data on dose–mortality (pre-
venting adult eclosion from third instars) after arcsine
or probit transformation of mortality, these extrapolated
values are presented to illustrate relative differences in
stage-specific response and tolerance to irradiation, and
the ED99.9968 may be used to suggest a treatment dose
to prevent adult eclosion (Hallman and Martinez 2001,
Follett 2004). The lowest dose of 33.1 Gy to 100% pre-
vention adult eclosion (Table 2) and the lowest value of
ED99 (Table 3) also indicate that the 1-d-old eggs are
the most radio-sensitive stage. When comparing the
radiation effects on preventing adult eclosion, the pre-
dicted dose to 100% mortality to adult stage and the
value of ED99 and ED99.9968 increased from eggs to
late third instars, indicating that the sequence of the
tolerance to radiation in the stages of B. tau is as: late
third instars> third instars> second instars> first
instars> eggs. Therefore, the late third instars (8 d)
were determined to be the most tolerant stage in
pumpkin fruits. This is in agreement with the extensive
review of the irradiation treatments literatures by
Hallman et al. (2010) that the most developed stage is
invariably the most radio-tolerant when a common
measure of efficacy is used. Fruit fly third instars are
the most tolerant stage in their host fruits when con-
ducting radiation tests (Hallman and Loaharanu 2002).
However, B. tau late third instars (8 d) were a little

Table 1. Maturation of B. tau eggs and instars after irradiation

Stage Dose
(Gy)

No.
treated
(mean
6 SE)

No. emerg-
ing third
instars
(mean 6 SE)

% puparia-
tiona (mean
6 SE)

% adult eclo-
sionb (mean
6 SE)

Egg (1 d) 0 100 6 0.0 77.3 6 1.9a 97.8 6 0.4a 91.5 6 1.9a
7 100 6 0.0 69.3 6 2.9a 95.7 6 2.4a 91.2 6 5.8a

14 100 6 0.0 64.3 6 3.9a 87.9 6 5.6ab 73.3 6 6.4b
21 100 6 0.0 64.7 6 5.8a 91.2 6 2.7ab 18.1 6 3.2c
28 100 6 0.0 66.7 6 1.8a 92.5 6 1.9ab 1.5 6 0.9d
35 100 6 0.0 71.3 6 5.6a 87.5 6 1.9ab 0.0 6 0.0d
42 100 6 0.0 64.3 6 4.7a 85.6 6 2.5ab 0.0 6 0.0d
49 100 6 0.0 69.3 6 3.5a 80.5 6 3.0b 0.0 6 0.0d

L1 (3 d) 0 75.7 6 5.8a 96.8 6 1.0a 89.7 6 3.9a
14 76.7 6 0.3a 95.6 6 1.8ab 84.3 6 4.8a
21 76.7 6 5.2a 94.1 6 1.1ab 61.9 6 6.5b
28 80.3 6 3.4a 86.2 6 3.4b 7.6 6 4.6c
35 73.7 6 2.3a 87.6 6 2.8ab 0.0 6 0.0c
42 77.3 6 4.4a 90.3 6 2.5ab 0.0 6 0.0c
49 73.3 6 2.9a 87.7 6 1.0ab 0.0 6 0.0c
56 76.3 6 2.9a 93.1 6 2.2ab 0.0 6 0.0c

L2 (5 d) 0 72.7 6 2.7a 99.1 6 0.9a 92.7 6 3.2ab
14 73.0 6 2.6a 98.5 6 0.9a 97.0 6 1.7a
21 66.3 6 9.8a 92.2 6 3.8a 80.9 6 3.1b
28 84.3 6 1.5a 95.7 6 1.4a 60.4 6 11.1c
35 76.7 6 2.7a 95.5 6 1.7a 6.6 6 0.9d
42 68.0 6 4.5a 94.6 6 0.8a 1.1 6 1.1d
49 83.3 6 0.9a 92.4 6 2.1a 0.0 6 0.0d
56 79.0 6 4.6a 91.6 6 0.9a 0.0 6 0.0d

L3 (7 d) 0 79.0 6 1.5 79.0 6 1.5a 99.2 6 0.8a 92.5 6 1.3a
21 77.3 6 3.4 77.3 6 3.4a 97.8 6 0.5a 89.1 6 1.9a
28 71.0 6 3.5 71.0 6 3.5a 95.2 6 2.2a 59.5 6 3.9b
35 69.3 6 1.2 69.3 6 1.2a 99.0 6 1.0a 7.7 6 1.8c
42 73.7 6 3.8 73.7 6 3.8a 97.8 6 0.4a 0.4 6 0.4c
49 76.3 6 2.6 76.3 6 2.6a 95.7 6 1.5a 0.4 6 0.4c
56 71.0 6 1.7 71.0 6 1.7a 97.7 6 0.9a 0.0 6 0.0c
63 73.0 6 4.5 73.0 6 4.5a 95.4 6 0.9a 0.0 6 0.0c

Late L3

(8 d)
0 88.3 6 3.2 88.3 6 3.2a 96.9 6 0.5a 91.7 6 0.8a

21 80.0 6 1.5 80.0 6 1.5a 98.3 6 0.5a 88.3 6 2.2a
28 80.3 6 2.7 80.3 6 2.7a 89.9 6 2.2a 49.7 6 13.2b
35 85.3 6 3.5 85.3 6 3.5a 96.5 6 0.6a 18.4 6 3.1c
42 86.3 6 2.6 86.3 6 2.6a 97.3 6 0.7a 5.7 6 1.9c
49 85.3 6 1.3 85.3 6 1.3a 94.9 6 3.1a 0.4 6 0.4c
56 74.7 6 2.6 74.7 6 2.6a 98.7 6 0.8a 0.0 6 0.0c
63 77.0 6 9.6 77.0 6 9.6a 97.9 6 0.6a 0.0 6 0.0c

Within a stage, means followed by the same letter a, b, or c within a
column are not significantly difference (P> 0.05; Tukey’s multiple
comparison test);

a % pupariation, No. pupae/No. emerging third instars �100.
b % adult eclosion, No. adult/No. pupae� 100.

Table 2. Linear regressions on mortality to adult stage when
eggs and larval stages of B. tau were irradiated at 7–63 Gy

Stage Observations y-intercept
(mean 6 SE)

Slope (mean
6 SE)

R2 Predicted
dose for 100%
mortality (Gy)

Egg 15 �25.78 6 6.00 3.50 6 0.26 0.9340 33.1
L1 12 �62.43 6 11.81 4.43 6 0.46 0.9028 34.4
L2 15 �56.08 6 9.39 3.30 6 0.32 0.8931 44.3
L3 18 �43.13 6 11.64 2.66 6 0.29 0.8414 50.1
Late L3 18 �44.21 6 7.78 2.58 6 0.19 0.9179 52.0

Regression analysis used data on prevention adult eclosion from
emerging late third instars in Tables 1. The percentage mortality to
adult stage was corrected for control mortality using Abbott’s formula
and arcsine-transformed. Extrapolated values for 100% mortality are
used for comparing stage-specific tolerance to irradiation, not to sug-
gest a treatment dose to prevent adult eclosion.
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more tolerant than third instars (7 d) in our research
(Tables 2 and 3). Therefore, B. tau late third instars
should be treated to validate the efficacy as the most
resistant stage should be tested in the confirmatory
tests even if it is not the most common one occurring
in the commodity (IPPC 2003, 2007).

Efficacy of an irradiation treatment against tephritids
is measured by the prevention of the eclosion of adults
capable of flight when irradiated as third instars inside
fruit (Hallman and Loaharanu 2002, Follett and Arm-
strong 2004). In the confirmatory test, the target dose
was ordinarily based on the value of ED99.9968 esti-
mated by statistical analysis of the dose–response data,
where probit analysis was widely used for a number of
fruit flies (Heather et al. 1991, Mansour and Franz
1996, Hallman and Thomas 2010, Bustos et al. 2004).
Therefore, the estimated dose of 70.9 Gy (probit
model) and 71.8 Gy (logit model), that could control
the most resistant stage of B. tau at the efficacy of
99.9968% with the 95% confidence level (Table 3),
should be applied to B. tau late third instars in the con-
firmatory tests. Hence, a radiation dose of 70 Gy was
selected as target dose to conduct the confirmatory
tests. In total, 48,700 and 58,435 late third instars
developed in pumpkin fruits were irradiated in the two
confirmatory tests, and as a result there was no adult
eclosion (Table 4). Therefore, the probit analysis was
validated. This research, performed with almost all fully
developed third instars, was a worst-case test of the
fly’s ability to survive an irradiation treatment.
Most B. tau in pumpkin can be expected to be less
developed than late third instars, and thus more sus-
ceptible to irradiation. Therefore, assuming a required
efficacy of 99.9968%, the confidence level (C) calcu-
lated by equation (1) is: C¼ 1 � (1� 0.000032)107135,

then our confidence level was 96.8% that the true
survival of B. tau was <0.000032. The most rigorous
standard used for confirming the efficacy of an irradia-
tion treatment is “probit 9” at the 95% confidence level
(Hallman and Loaharanu 2002). Probit 9 represents
the effective dose to achieve a result at the 99.9968 per-
centile (ED99.9968). In our research, the mortality pro-
portion (1� Pu) in B. tau late third instars calculated
by equation (2) was 99.9972% at the 95% confidence
level when counting all the irradiated late third instars
in the two confirmatory tests. The maximum absorbed
dose in the confirmatory tests may be the minimum
dose required for the approved treatment (Heather
2002, IPPC 2003, Hallman et al. 2010). Therefore, a
dose of 85 Gy (Table 4) is suggested as the minimum
dose for treatment of B. tau in fruits and vegetables.
This research shows that irradiation treatments at a
minimum absorbed dose of 85 Gy provides quarantine
security against B. tau to the highest degree demanded
of a commercial phytosanitary treatment, ED99.9968 at
the 95% confidence level. These results accordingly
support the assertion that relatively low doses of radia-
tion can serve as phytosanitary treatments against many
tephritids (Hallman, 1999), and supports the proposal
by IPPC (2009) of a generic dose of 150 Gy for all eggs
and larvae of the family of Tephritidae on all host
commodities.

When irradiation is applied on a commercial scale,
the maximum dose absorbed by a load can be 1.5 or 2
times the minimum dose applied (Follett and Weinert
2009, Hallman et al. 2010), so that when 85 Gy is
sought, some of the load could receive up to <200 Gy.
Almost all hosts of the pest would tolerate this treat-
ment applied on a commercial scale (ICGFI 1994).
Even avocado, which has low tolerance to fumigation
and temperature treatment but tolerates about
100–200 Gy (Thomas 2001), might have a viable treat-
ment against B. tau with 85 Gy. Therefore, a minimum
dose of 85 Gy, that could acquire the controlling (pre-
venting adult emergence) efficacy of 99.9972% at the
95% confidence level, can be recommended for the
phytosanitary treatment of B. tau on all shipped fruits
and vegetables. In addition, some countries accept the
efficacy of 99.99% mortality to adult stage at the 95%
confidence level. The mortality proportion of B. tau
late third instars in the first confirmatory test calculated
by equation (2) was 99.9938% at the 95% confidence
level, where the highest dose of 71.7 Gy was measured

Table 3. Estimating the minimum absorbed dose for prevention of adult eclosion from irradiated eggs and larval instars of B. tau

Stage Analyzing model Slope 6 SEa Intercept 6 SEa ED99 (95% CI) ED99.9968 (95% CI) Heterogeneity

Egg Probit 10.06 6 0.74 �12.52 6 0.96 29.9 (28.1, 32.5) 43.9 (39.4,50.6) 0.08
Logit 0.399 6 0.034 �7.15 6 0.67 29.4 (27.9, 31.6) 43.9 (40.3, 48.9) 0.13

L1 Probit 15.20 6 1.24 �20.76 6 1.72 33.0 (29.7, 41.9) 42.5 (35.7, 65.1) 3.66
Logit 0.443 6 0.039 �10.06 6 1.00 33.5 (32.0, 35.9) 46.5 (43.2, 51.3) 0.80

L2 Probit 18.56 6 1.62 �27.47 6 2.43 40.8 (38.2, 45.7) 50.8 (45.4, 62.1) 3.35
Logit 0.421 6 0.036 �12.71 6 1.25 41.0 (39.5, 43.2) 54.7 (51.2, 59.6) 0.64

L3 Probit 13.16 6 1.00 �19.42 6 1.52 44.9 (41.1, 52.4) 60.1 (51.7, 79.9) 1.69
Logit 0.314 6 0.023 �9.48 6 0.72 44.8 (41.2, 51.3) 63.1 (55.3, 78.0) 1.94

Late L3 Probit 10.64 6 0.61 �15.70 6 0.93 49.4 (47.2, 52.1) 70.9 (65.6, 78.2) 0.98
Logit 0.249 6 0.015 �7.54 6 0.50 48.8 (44.7, 55.4) 71.8 (63.0, 87.3) 2.72

a Mean 6 SE; heterogeneity means chi-square divided by degrees of freedom.

Table 4. Large-scale confirmatory tests irradiating B. tau late
third instars in pumpkin fruits

Date of
radiation

No.
pumpkin

Dose monitored
(Gy)

No. emerg-
ing third
instarsa

No.
pupae

No.
adults

Max Min.

Sept. 2012 55 71.7 62.0 48,700 47,806 0
(Control) 5 0 0 4,429 4,360 4,092
Jan. 2013 55 85.0 65.3 58,435 58,037 0
(Control) 5 0 0 6,951 6,828 6,425

a The late third instars were collected from pumpkin fruits within
1 d after irradiation.
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(Table 4). Therefore, a minimum dose of 72 Gy could
be also recommended for the phytosanitary treatment
of B. tau in the commodity under ambient
atmospheres.
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