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ABSTRACT 
 
Recent fears of terrorism provoked an increase in delays and denials of transboundary shipments of 
radioisotopes. This represents a serious constraint to sterile insect technique (SIT) programs around the world as 
they rely on the use of ionizing energy from radioisotopes for insect sterilization. In order to validate a novel X-
ray irradiator, a series of studies on Ceratitis capitata (Wiedemann) and Anastrepha fraterculus (Wiedemann) 
(Diptera: Tephritidae) were carried out, comparing the relative biological effectiveness (RBE) between X-rays 
and traditional γ radiation from 60Co. Male C. capitata pupae and pupae of both sexes of A. fraterculus, both 24 
to 48 h before adult emergence, were irradiated with doses ranging from 15 to 120 Gy and 10 to 70 Gy 
respectively. Estimated mean doses of 91.2 Gy of X and 124.9 Gy of γ radiation induced 99% sterility in C. 
capitata males. Irradiated A. fraterculus were 99% sterile at about 40-60 Gy for both radiation treatments. 
Standard quality control parameters were not significantly affected by the two types of radiation. There were no 
significant differences between X and γ radiation regarding mating indices. The RBE did not differ significantly 
between the tested X and γ radiation, and X-rays are as biologically effective for SIT purposes as γ rays are. This 
work confirms the suitability of this new generation of X-ray irradiators for pest control programs in UN 
Member States. 

 
 

1. INTRODUCTION 
 

The Sterile Insect Technique (SIT) consists of mass production of the target insect species, 
sterilization (historically using gamma radiation) and release into the field. The sterile males 
find and mate with wild fertile females, transferring sperm carrying dominant lethal 
mutations, which results in no viable offspring and leads to a reduction in the pest population 
in the field [1, 2]. 
 
Nowadays, there is increasing interest in this environmentally friendly pest control technique 
demonstrated by the number and scope of current field applications and the production 
capacity of sterile insect facilities. Demand for sterile insects from some countries has also 
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exceeded supply, so that private investors and commercial companies are now being 
encouraged to participate in this business [3]. 
 
Recently, a serious problem has arisen for new SIT projects as it is becoming almost 
impossible to acquire radioactive sources for insect sterilization. All current SIT programs use 
isotopic irradiators, but the one most commonly used, the self-contained Gamma Cell 220 
60Co irradiator (MDS Nordion International Inc., Canada) has been discontinued. 
Furthermore, there are serious doubts about the future availability of these small scale 
irradiators due to the growing complexities of the transboundary shipment of radioisotopes 
and the fear of “dirty bombs”. This concern is also causing problems for the International 
Atomic Energy Agency (IAEA) regarding the re-loading of existing sources, the acquisition 
of new ones and their shipment to UN Member States [4]. Between September 2007 and 
March 2008, a total of 69 reports of delays and denials of shipments of radioactive materials 
were forwarded to the IAEA, including 13 related to 60Co [5]. 
 
Practical alternatives to isotopic irradiators include high-energy electrons and X-rays [6, 7]. 
Alternative X-ray systems are under development in the U.S.A. and almost a hundred low-
energy self-contained X-ray irradiators are already operating successfully at medical 
institutes. These irradiators can be configured to attend the requirements of an SIT program 
and a semi-automatic unit has recently been developed for the screwworm facility in Panama 
[4].  
 
Curiously, in the very early days of SIT, X-rays were all that was available to scientists. The 
first assays with X-rays date from the beginning of 20th century [8, 9, 10, 11]. Unfortunately, 
the penetration and dose rate achieved by most X-rays machines in the1950’s was much lower 
than that of isotopic sources, limiting the number of insects that could be sterilized [12]. 
Bushland & Hopkins [13] reviewed initial literature about the effect of X-rays on arthropods 
[14, 15, 16, 17, 18, 19, 20, 21]. 
 
Another current potential use for X-rays in agriculture is as a quarantine disinfestation 
treatment [22, 23]. The United States Food and Drug Administration has approved the use of 
X-rays for such purposes since 1986 [6, 24]. 
 
Before adopting a new irradiation technology, studies are necessary to determine its effects 
upon sterilization and the quality of the irradiated insects. The aim of this study was to 
compare dose-response curves for the induction of sterility in two species of economically 
important fruit flies, C. capitata and A. fraterculus, using a Gamma Cell 220 and a new X-ray 
irradiator (RS-2400, Rad Sourch Technologies Inc, Alpharetta, GA, U.S.A.). In addition, 
various aspects of quality of the irradiated insects were compared, including field cage 
evaluations. 
 
 

2. MATERIAL AND METHODS 
 
 
2.1. Insects and Environmental Conditions. 
 
The experiments were performed at the Entomology Unit, FAO/IAEA Agriculture & 
Biotechnology Laboratory, Seibersdorf, Austria, in controlled environment rooms (23±1ºC, 
65% relative humidity, photoperiod of 14:10 (light: dark) h) and in environmentally controlled 
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greenhouses. The C. capitata strain used was a genetic sexing strain, VIENNA 8/D53 [25, 
26]. For A. fraterculus a bisexual strain of a colony established from an Argentinean 
population was used.  
 
2.2. Irradiation Procedures. 
 
The γ radiation source was a Gamma Cell 220 60Co irradiator, with an activity of 28.8×1012 
Bq (778.6 Ci) and dose rate of 10.4 ± 0.3 Gy min-1 at the beginning of the tests. The X-rays 
used were generated by an RS-2400 self-contained low-energy irradiator, operated at 150 keV 
and 45 mA giving a maximum rate of 14.1 ± 0.7 Gy min-1 at the irradiation position. Pupae 
were positioned inside 178 mm diameter by 167 mm long canisters that were suspended by 
cradles so that they revolved around the horizontal X-ray tube. For each exposure, dosimetry 
was performed following the Gafchromic® dosimetry system (Gafchromic HD-810 film; 
International Specialty Products, Wayne, NJ 07470, U.S.A.) [27]. 
 
2.3. Irradiation Effect on Fertility and Fecundity. 
 
For C. capitata, male pupae 24 to 48 h before adult emergence were irradiated with 0 
(control), 15, 30, 60, 90 and 120 Gy. Adult males were used for the tests and they were placed 
with non-irradiated females in cages measuring 9 x 4.5 x 4.5 cm. These cages were distributed 
in a randomized design with 12 replicates for each dose, with three couples per cage, and four 
egg collections per week. Water and adult diet were offered ad libitum, and the last was the 
standard yeast hydrolysate (ICN Pharmaceuticals Inc., Aurora, OH):sugar (1:3) diet. Females 
laid eggs through netting on the end wall of each cage onto moist black filter paper in a Petri 
dish. The filter paper was removed every 24 h and the eggs counted [25]. 
 
For A. fraterculus, four doses were applied to pupae: 0 (control), 10, 20, 35 and 70 Gy. For 
each treatment, fertility was evaluated by mating 30 non-irradiated females or males to 30 
irradiated individuals of the opposite sex for a week in a 7 liter cylinder flask. Flies were fed 
ad libitum with a mixture of yeast hydrolysate (as described above), sugar and wheat germ 
(1:3:1). Water was provided in test tubes covered with plastic plugs. Females laid eggs 
through netting on the top of the cage into an egging device, made of a water-filled dish 
whose base was a cloth covered with a thin layer of black silicon. The water from the egging 
device was removed every 24 h and the eggs collected. There were six replicates for each 
treatment and four egg collections [25]. 
 
2.4. Quality Control Parameters. 
 
To assess adult emergence, fliers and longevity under stress from irradiated pupae, it was 
followed the standard method of FAO/IAEA/USDA [28]. 
 
2.5. Field Cage Tests. 
 
Four field cages were used for mating compatibility tests. In the center of each cage, a potted 
Citrus limon (L.) tree provided surfaces for resting and mating activities. For C. capitata, 25 
non-irradiated males and females and 25 irradiated males (irradiated with 90 Gy of γ or X-
rays) from the same colony were released in each cage. For A. fraterculus, 20 non-irradiated 
males and females from the laboratory colony and 20 irradiated males and females (irradiated 
with 60 Gy of γ or X-rays) from the same colony were released in each cage. Some 24 to 48 h 
before the test, flies were marked individually by applying a small dot of water-based paint on 
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the dorsal surface of the thorax [28]. For A. fraterculus, the relative isolation index (RII), the 
index of sexual isolation (ISI), and male and female relative performance indices (MRPI and 
FRPI) were calculated [28]. For C. capitata, only the Relative Sterile Index (RSI) was 
obtained. There were six replicates for each index. 
 
2.6. Relative Biological Effectiveness. 
 
The relative biological effectiveness for a given test irradiation is calculated as the dose of a 
reference radiation, usually X-rays, required to produce the same biological effect as was seen 
with a test dose of another radiation [29]. For the parameters with the same biological 
endpoint, the RBE was normalized to X radiation as the reference radiation (RBE = Dose of 
X radiation / Dose of γ radiation) [30]. 
 
2.7. Data Analysis. 
 
For statistical analyses of sterility, the data corrected to the appropriate control value [31] was 
Probit transformed and linear regression analysis against the log of the radiation dose 
performed, as the test for difference of slopes (P < 0.01) [32]. The RBEs for D50, D90 and D99 
values (i.e. D50 is the estimated dose that induces 50% sterility) were calculated with their 
95% confidence intervals and were used to compare the effectiveness of the two radiations. 
Differences in RBE at D50, D90 and D99 were compared using two methods. One method 
considers that D50, D90 and D99 values are not significant when their 95% confidence intervals 
overlap, and the other compares D50s, D90s and D99s using the “lethal concentration ratio test” 
described in [33], and suggested later by [34]. The D50, D90 and D99 for the X radiation were 
taken as the baseline for comparisons. For fecundity, a linear regression analysis was also 
performed for the means of accumulated numbers of eggs at the 1% level of significance. For 
adult emergence, fliers and longevity under stress, the same regression analysis was applied. 
The sexual indices RSI, RII, ISI, MRPI and FRPI were compared using Student t-test 
(α=0.05). Analyses were performed by the statistical program SAS 9.1. [35]. 
 
 

3. RESULTS 
 
3.1. Dosimetry 
 
No dosimetry result differed significantly from the target dose. The target dose values are, 
therefore, used throughout. 
 
3.2. Irradiation Effects on Fertility and Fecundity. 
 
The linear regression lines of the Probit transform of sterility against the logarithm of dose for 
X and γ radiation are presented at Figs. 1 to 3. Estimated doses to give 50%, 90% and 99% 
sterility (D50, D90 and D99 respectively), with upper and lower confidence limits, are listed in 
Table 1. 
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Figure 1. Linear regression of Probit transformed sterility on log dose from crosses 

between fertile females and irradiated C. capitata males with 95% confidence intervals. 
 

 
Figure 2. Linear regression of Probit transformed sterility on log dose from crosses 

between fertile females and irradiated A. fraterculus males with 95% confidence 
intervals. 
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Figure 3. Linear regression of Probit transformed sterility on log dose from crosses between 

irradiated females and fertile A. fraterculus males with 95% confidence intervals. 
 
Table 1. Radiation doses (Gy) calculated from the linear regression equations of Probit sterility 

on log dose for selected sterility levels and their estimated RBE values. 
 

TREATMENTS D50 a RBE b D90 RBE D99 RBE 

C. capitata 

X 
radiation 

20.4 
(17.9; 23.2) c 

1 
(0.8; 1.1) 

46.8 
(41.5; 54.1) 

1 
(0.9; 1.1) 

91.2 
(83.6; 101.3) 

1 
(0.9; 1.1) 

γ radiation 27.9 
(22.9; 33.9) 

0.7 ns d 
(0.5; 1.0) 

63.8 
(53.9; 75.8) 

0.7 ns 
(0.4; 1.0) 

124.9 
(94.9; 160.9) 

0.7 ns 
(0.5; 1.0) 

A. 
fraterculus 

Males 

X 
radiation 

13.0 
(9.02; 18.8) 

1 
(0.8; 1.3) 

23.5 
(18.8; 29.8) 

1 
(0.9; 1.2) 

37.8 
(27.7; 52.1) 

1 
(0.8; 1.2) 

γ radiation 7.6 
(5.3; 11.1) 

1.7 ns 
(0.4; 6.9) 

18.2 
(15.3; 21.9) 

1.2 ns 
(0.3; 5.1) 

36.3 
(27.8; 49.4) 

1.04 ns 
(0.3; 4.1) 

A. 
fraterculus 

Females 

X 
radiation 

27.1 
(17.7; 41.4) 

1 
(0.7; 1.4) 

41.2 
(25.4; 68.3) 

1 
(0.7; 1.4) 

57.8 
(30.1; 109.7) 

1 
(0.6; 1.6) 

γ radiation 23.8 
(15.1; 36.7) 

1.1 ns 
(0.3; 4.4) 

38.6 
(21.3; 71.2) 

1.1 ns 
(0.3; 4.2) 

57.3 
(25.7; 125.4) 

1.01 ns 
(0.2; 4.4) 

 

a D = Dose (Gy) that induces 50, 90 or 99% sterility. 
b RBE = Relative biological effectiveness (X-rays / γ rays). 
c Confidence Interval stated at 95% confidence level. 
d When the confidence interval include the number 1 for D50, D90 or D99 RBE, then the D50, D90 or D99 

values are not significantly different (ns = not significant, P > 0.05). 
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The control fertility in the C. capitata genetic sexing strain was low (63.31 ± 2.61%) due to 
the presence of the translocation [36, 37, 38]. This required a large correction using Abbott’s 
formula. For C. capitata males, 99% sterility was estimated to be reached at doses of 91.2 Gy 
of X and 124.9 Gy of γ radiation. Therefore, considering 99% of sterility as an endpoint, the 
given RBE was 0.73. The null hypothesis that the slopes of the linear regressions did not 
differ was not rejected (t = -0.04; P = 0.97). Biologically, parallelism can be interpreted to 
mean that changes in activity per unit change in rate are the same (i.e., potency as defined by 
Finney [39]).  
 
Natural sterility means observed in the controls for Anastrepha were 14.2 ± 3.05% (irradiated 
males x non-irradiated females) and 6.9 ± 0.8% (non-irradiated males x irradiated females). 
Sterility data for A. fraterculus males are shown in Fig. 2. When irradiated males were mated 
to non-irradiated females, there was a significant reduction in fertility (about 99%) at 
estimated doses as low as 37.8 Gy and 36.3 Gy of X and  γ radiation respectively (RBE = 
1.04) compared with the control. The slopes of the linear regression lines were not 
significantly different (t = -1.7; P = 0.16). When irradiated A. fraterculus females were mated 
with non-irradiated males (Fig. 3), at the estimated doses of 57.8 Gy of X and 57.3 Gy of γ  
radiation only 1% of eggs hatched (RBE = 1.01). The slopes did not differ significantly too (t 
= -0.37; P = 0.72). 
 
The 95% confidence intervals of the D50, D90 and D99 values listed in Table 1 overlapped. 
Furthermore, the null hypothesis of equal median doses at 50%, 90% and 99% sterility was 
not rejected since all confidence intervals for the RBE normalized to X radiation contained 
the number 1. Thus, the D50, D90 and D99 values for γ radiation were not significantly different 
from the X-rays doses at the same levels of sterility (P > 0.05). The overlap method of 
analysis agreed with the results from the Robertson-Preisler ratio method, indicating that the 
RBE does not differ significantly between the two radiations. The overlapping of the 
confident intervals of doses can also be observed at Figs. 1 to 3 (dashed lines). 
 
The mean quality control values for the different doses of X and γ rays are summarized in 
Tables 2 and 3. The fecundity (from crosses between irradiated males and non-irradiated 
females), adult emergence, fliers and survival were not significantly affected by radiation of 
either type in either species (P < 0.01). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



INAC 2009, Rio de Janeiro, RJ, Brazil. 
 

Table 2. Linear regression for Ceratitis capitata quality control parameters 
(mean ± standard error). 

 

Dose (Gy) Fecundity Emergence (%) Fliers (%) Survival (%) 

Control 344.58 ± 44.5 
(na = 4135) 91.2 ± 1.5 82.4 ± 2.7 84 ± 4.9 

X radiation     

15 361.58 ± 37.9 
(n = 4339) 92.2 ± 0.7 85.6 ± 2.5 85.5 ± 2.6 

30 316.08 ± 36.8 
(n = 3793) 92.2 ± 2.03 82.4 ± 2.6 85 ± 4.7 

60 435.5 ± 48.04 
(n = 5226) 89.6 ± 1.9 83.6 ± 1.6 92 ± 3.3 

90 403.25 ± 40.1 
(n = 4839) 89 ± 1.9 78 ± 3.4 83.5 ± 4.5 

120 323.08 ± 32.9 
(n = 3877) 87.4 ± 2.3 79.2 ± 2.5 81 ± 4.3 

Linear 
regression 

F = 0.18 ns b 
df c = 1, 71 

P = 0.67 

F = 5.1 ns 
df = 1, 59 
P = 0.03 

F = 3.4 ns 
df = 1,59 
P = 0.07 

F = 0.31 ns 
df = 1,59 
P = 0.58 

γ radiation    

15 427.33 ± 27.7 
(n = 5128) 87.8 ± 1.5 85.2 ± 1.9 87.5 ± 3.4 

30 
342.67 ± 47.9 

(n = 4112) 91 ± 1.6 83.6 ± 1.8 83 ± 3.6 

60 
394.67 ± 39.1 

(n = 4736) 90.6 ± 2.0 80 ± 2.7 83.5 ± 4.9 

90 
413.08 ± 28.9 

(n = 4957) 92.8 ± 1.6 81.6 ± 2.3 81 ± 3.8 

120 
464.63 ± 52.7 

(n = 5024) 90.4 ± 1.9 77.6 ± 3.5 86 ± 4.5 

Linear 
regressionc 

F = 3.34 ns 
df = 1, 70 
P = 0.07 

F = 0.58 ns 
df = 1, 59 
P = 0.45 

F = 3.8 ns 
df = 1, 59 
P = 0.06 

F = 0.04 ns 
df = 1, 59 
P = 0.84 

a n= Total number of eggs collected. 
b Analyses of variance with F-test indicates if a significant linear regression can be fitted to 
the data or not (ns = not significant, P > 0.01). 
c df = degrees of freedom. 
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Table 3. Linear regression for Anastrepha fraterculus quality control parameters 
(mean ± standard error). 

 
 

Dose (Gy) 
Fecundity 

(irradiated male 
x fertile female) 

Fecundity  
(fertile male x 

irradiated female) 

Emergence 
(%) Fliers (%) Survival (%) 

Control 1428.67 ± 173.3 
(na = 8572) 

2216.2 ± 169.4 
(n = 13297) 78 ± 1.3 59.3 ± 1.6 74 ± 4.6 

X radiation      

10 1579.5 ± 235.2 
(n = 9477) 

791.7 ± 164.3 
(n = 4750) 79.3 ± 2.8 53.3 ± 5.2 78.3 ± 4.01 

20 1044.3 ± 312.7 
(n = 6266) 

320.3 ± 30.01 
(n = 1922) 84.7 ± 3.3 72 ± 3.7 76.7 ± 2.1 

35 1724.7 ± 266.2 
(n = 10348) 

71.33 ± 13.1 
(n = 428) 83.3 ± 1.7 62.3 ± 7.6 78.3 ± 6.01 

70 1539 ± 240.5 
(n = 9234) 

0 
(n = 0) 85.3 ± 1.7 54.7 ± 5.6 71.7 ± 3.1 

Linear 
regression 

 
(dfb = 1, 29) 

F = 0.27 ns c 
P = 0.6 

F = 30.5 
P < 10-3 

y = 1359.1 – 25.2 x 
R2 = 0.52 

F = 5.3 ns 
P = 0.03 

F = 0.3 ns 
P = 0.6 

F = 0.51 ns 
P = 0.48 

γ  radiation    

10 1049 ± 169.7 
(n = 6294) 

1532.7 ± 278.1 
(n = 9196) 83.7 ± 3.3 62.7 ± 6.2 67.3 ± 4.8 

20 781.5 ± 154.1 
(n = 4689) 

892.2 ± 160.2 
(n = 5353) 87.7 ± 3.8 65.7 ± 3.6 71.7 ± 3.1 

35 1843 ± 326.6 
(n = 11058) 

137.83 ± 7.9 
(n = 827) 82 ± 3.4 64.7 ± 4.2 83.3 ± 3.3 

70 1615.3 ± 171.4 
(n = 9692) 

0 
(n=0) 86.7 ± 2.8 58 ± 4.8 66.7 ± 4.2 

Linear 
regression 

 
(df = 1, 29) 

F = 2.8 ns 
P = 0.1 

F = 56.2 
P < 10-3 

y = 1780.6 – 30.5 x 
R2 = 0.67 

F = 1.9 ns 
P = 0.17 

F = 0.25 ns 
P = 0.62 

F = 0.19 ns 
P = 0.6 

a n= Total number of eggs collected. 
b df = degrees of freedom.  
c Analyses of variance with F-test indicates if a significant linear regression can be fitted to the data or 

not (ns = not significant, P > 0.01). 

 
For C. capitata and A. fraterculus (irradiated males x non-irradiated females), it would seem 
unlikely that a regression line fitted to the data would have a slope significantly different from 
zero and the null hypothesis (i.e. equality of means) was not rejected. The estimated mean of 
eggs/day/female in all treatments was 32.02 ± 1.2 and 11.7 ± 3.9 for C. capitata and A. 
fraterculus respectively. 
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For irradiated A. fraterculus females (Table 3), oviposition was severely reduced as the 
radiation dose increased (MSE = 3.7 x 105; F = 30.5; P <10-3; MSE = 2.9 x 105; F = 56.2; P 
<10-3, respectively for X and γ radiation). A dose of 35 Gy of X or γ radiation induced 96.8% 
and 93.8% reduction in oviposition, respectively. No eggs were laid following irradiation with 
70 Gy of either type of radiation. The slopes of the curves also did not differ significantly (t = 
0.88; P = 0.38). 

 
3.3. Adult Emergence and Fliers. 
 
Neither adult emergence for C. capitata and A. fraterculus nor percentage of fliers were 
significantly affected by radiation type or dose (Tables 2 and 3). Values of emergence and 
fliers were over 77% and 52% respectively, higher than the minimum specified post-
irradiation percentages [28]. 
 
3.4. Longevity under Stress. 
 
Survival during the stress test for C. capitata and A. fraterculus was higher than 50%, with 
averages of 84 ± 0.9% and 74.2 ± 1.8% respectively. The minimum survival specified by the 
FAO/IAEA/USDA [28] are 50%, 55% and 40% for C. capitata (GSS), Anastrepha ludens and 
Anastrepha obliqua respectively (no data available for A. fraterculus in the manual). 
 
3.5. Field Cage Tests. 
 
No significant difference was found between X and γ radiation regarding compatibility and 
competitiveness indices (Table 4) (ANOVA, P < 0.05). For C. capitata, the relative sterility 
indices (RSI) were 0.46 ± 0.03 and 0.35 ± 0.06 for males given 90 Gy of X or γ radiation 
respectively and did not differ significantly from each other (F = 2.73; df = 1,11; P = 0.129). 
Both these results were close to 0.5, indicating that fertile females mated randomly with non-
irradiated or irradiated males in both treatments. 
 

Table 4. Mating indices (mean±SE) for Ceratitis capitata and Anastrepha fraterculus. 
 

TREATMENT RSI RII ISI MRPI FRPI 

C. capitata X radiation 0.46 ± 0.027aa --- --- --- --- 
γ radiation 0.35 ± 0.05 a --- --- --- --- 

A. fraterculus X radiation --- 1.12 ± 0.3a -0.0058 ± 0.09a -0.2 ± 0.09 a -0.11 ± 0.09a 

γ radiation --- 2.03 ± 1.53 a 0.063 ± 0.16a -0.043 ± 0.14 a 0.079 ± 0.21 a 

 C.V. (%) 8.18 36.8 15.5 15.5 13.4 
a Means within columns followed by the same letter are not significantly different, ANOVA at P≤0.05. 

Mean relative isolation indices (RII) for A. fraterculus were 1.12 ± 0.3 and 2.03 ± 1.53 for 
insects irradiated with X and γ radiation (F = 2.18; df = 1,11; P = 0.173). An RII close to 1 
indicates random mating. 
 
The index of sexual isolation (ISI) values of -0.0058±0.09 and 0.063±0.16 for X and γ 
radiation, respectively, represented satisfactory levels of compatibility between the irradiated 
and non-irradiated flies (F = 0.14; df = 1,11; P = 0.714). 
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Irradiated A. fraterculus males were as effective at obtaining mates as non-irradiated males 
(Table 4), having MRPI averages of -0.2±0.09 and -0.043±0.14 for X and γ irradiated flies 
respectively (F = 0.88; df = 1,11; P = 0.369). The A. fraterculus female relative performance 
indices (FRPI) were close to zero. This indicates that females from both treatments, non-
irradiated and irradiated with both types of radiation, participated equally in mating (F = 0; df 
= 1,11; P = 0.99). 
 
 

4. DISCUSSION 
 
 

The The International Commission on Radiological Protection (ICRP) in its publication 60 
[29] has assigned, for radiation protection purposes, a radiobiological weighting factor (wR) 
and a quality factor (Q) of 1 for X-rays, γ radiation and electrons or other ionizing particles 
having a linear energy transfer (LET) < 3.5 keV·μm-1. The implicit assumption, which was 
determined using data from the survivors of the Hiroshima and Nagasaki atom-bombs and 
from women who received multiple fluoroscopies, was that low energy X-rays have the same 
biological efficiency as high energy γ radiation (predominantly in the 2–5 MeV range). 
However, it is possible to find at the literature several studies demonstrating that the RBE for 
X relative to γ radiation can actually range from 1 to 8 [30, 40, 41, 42, 43, 44]. But in view of 
the  insect cells characteristics of radioresistance and the range of doses used for SIT 
programs, without mentioning differences in experimental factors and irradiation equipment, 
it is reasonable to assume that these mentioned non unitary values of RBE are not to be 
expected at routine irradiation procedures for SIT. 
 
Most of those works that present high RBE values are related to oncogenic transformations in 
mammalian cells and as result of mammography X-rays. But huge differences exist between 
mammalian and arthropod cells that must be taken into account before any comparison of 
biological effectiveness of radiations among such studies. Dipteran cells are three to nine 
times and lepidopteran cells 52 to 104 times more radioresistant than mammalian cells to X 
radiation [45, 46, 47, 48] and radiosensitivity also decreases with insect age. 
 
Inducing failure of adults to emerge, for example, requires damage to the imaginal disks at 
earlier stages [49] and except for cells in the gonads and some in the gut, there is practically 
no cell mitosis in the adult fruit fly [50]. For those reasons, the quality control parameters 
(adult emergence, fliers and survival) were not affected by radiations of either type at the dose 
range applied at this study for pupae 24 to 48 h before adult emergence.  
 
Regarding the dose range, most studies that found large variations in RBE investigated the 
biological effectiveness at low doses, i.e. between 0.03 and 3 Gy. According to the IDIDAS 
database [51], radiation doses to achieve sterility in Diptera range from 20 to 150 Gy. In fruit 
fly mass-rearing facilities around the world, the sterility-inducing dose ranges between 90 and 
140 Gy for C. capitata, 70 and 80 Gy for Anastrepha ludens and 80 Gy for Anastrepha 
oblique [ 7, 52]. Actually, according to Hill [53], low energy X-rays are expected to be more 
biologically effective per unit absorbed dose than high energy X or γ rays due to the 
production of lower energy secondary electrons (with a correspondingly higher LET) and 
measured values of RBE can increase as the photon energy decreases. 
 
The mean sterilization doses estimated at this work are in accordance with literature values. 
According to Franz [36], tsl-GSS C. capitata males are partially sterile and when irradiated 24 
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h before adult emergence with a dose of 80-90 Gy, it is possible to reach 99% sterility. 
Allinghi et al. [54] found that 40-60 Gy of γ radiation was sufficient to induce complete 
sterility in A. fraterculus by preventing oviposition, but no dosimetry was reported. 
 
The 95% confidence intervals of the D50, D90 and D99 got wider with the increase of sterility, 
considerably for the irradiated A. fraterculus females. For this last case, the wide intervals can 
be explained by the increase of errors with the reduction in egg samples at higher doses and 
the dose of 70 Gy was not computed for the Probit transform of sterility against the logarithm 
of dose since the sterility reached 100% (Table 3). To avoid such situations, Robertson and 
Preisler [33] suggested using as many doses as possible in dose-response experiments. 
Wheeler et al. [34] stated that the width of confidence intervals trend to decrease as the 
sample size per dose increase and to be wider in situations which a natural mortality response 
parameter is included. 
 
It is necessary to state that absorbed dose is a key parameter in SIT and must be tightly 
monitored, especially for A. fraterculus. Since no genetic sexing strains are yet available for 
this species, the minimum radiation dose chosen must lead to 100% sterility in females [55]. 
Program managers must also be encouraged to find a balance between sterility and 
competitiveness, in order to maximize the overall sterility induced in the wild population [56]. 
 
The non-rejection of the parallelism hypotheses between the linear regression lines more the 
equality of the median doses at 50%, 90% and 99% sterility demonstrated by the overlapping 
of the 95% confidence intervals and the Robertson-Preisler ratio method prove that the dose-
response relationships and RBE between X and γ radiation for the two fruit flies species here 
studied do not differ significantly. These results supports previous research that had suggested 
that γ radiation, high-energy electrons or X-rays can be used in SIT programs [7, 12, 13, 21]. 
 
Although varying around one, the mean RBE values ranged from 0.7 to 1.7. But because 
these values are based on the assumptions of the Probit model, they are estimates, not 
measurements. Therefore, sampling error and natural variation may always contribute to the 
appearance of different RBE values from the same samples in repeated bioassays at the same 
time and to different values over time [33]. 
 
Recent studies have also reported that there are no technical issues with regard to the 
suitability of new X-ray devices for other purposes as blood irradiation [57]. Wagner et al. 
[58] performed a full dose characterization of the same X-ray irradiator (RS-2400) for coast 
oyster pasteurization at the Mississippi State University, demonstrating its suitability. 
 
 

5. CONCLUSIONS  
 
 
Despite some pending issues such as calibration of a more suitable dosimetry system, this 
new X-ray technology can meet the demands to expand national fruit-fly control programs in 
UN Member States. Furthermore, such machines have a number of advantages over isotopic 
irradiators, such as better public acceptance, simpler national legislation requirements, no 
radiation is produced when switched off, far less need for shielding in walls, no radioactive 
waste is produced, irradiation of bigger batches (almost 19 liter, compared to the maximum 2 
liter of pupae in a Gamma Cell 220) and acceptable ratio of maximum to minimum dose (dose 
uniformity ratio of 1.3)  The transport cost is lower (shipping an isotopic irradiator costs ca. 
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US$ 50,000, against US$ 5,000 for an X-ray unit) [4]. The purchase costs are similar to 137Cs 
irradiators (e.g., the RS-2400 will sell for about $ 200 – 250,000) and the life span of the tube 
is about 2,000 h. 
 
It seems that the era of the small scale 60Co and 137Cs irradiators for SIT programs is getting 
close to an end and the renaissance of their currently most feasible alternative, the X ray 
machine, is beginning.    
  
An expanded SIT program in citrus growing areas is expected in Argentina, Pakistan and 
Costa Rica have declared interest on this technology. An RS-2400 irradiator has recently been 
obtained by Brazil, and shall start operations in 2009 at the Biofactory MOSCAMED Brazil, a 
facility established at an agricultural frontier in the semi-arid north-east with the initial 
objective of suppressing fruit flies in the San Francisco River Valley. 
 
 

ACKNOWLEDGMENTS 
 
 
We thank the International Atomic Energy Agency (IAEA) for funding this project and for the 
provision of facilities at the Entomology Unit, FAO/IAEA Agriculture and Biotechnology 
Laboratory at Seibersdorf, Austria. Mention of trade names or commercial products in this 
article is sorely for the purpose of providing specific information and does not imply 
recommendation or endorsement by the IAEA. This work was part of the dissertation by 
Thiago Mastrangelo at the Universidade de São Paulo, Brazil. 
 
 

REFERENCES 
 
 
1. E.F. Knipling. “Possibilities of insect control or eradication through the use of sexually 

sterile males”. J. Econ. Entomol. 48, pp. 459-469 (1955). 
2. J. Hendrichs, M. J. B. Vreysen, W. R. Enkerlin, and J. P. Cayol. “Strategic options in 

using sterile insects for area-wide integrated pest management”. In: V. A. Dyck, J. 
Hendrichs, and A. S. Robinson (eds.), Sterile Insect Technique. Principles and Practice in 
Area-Wide Integrated Pest Management. Springer, Dordrecht, The Netherlands, pp. 563-
600 (2005). 

3. [IAEA] International Atomic Energy Agency. “Model business plan for a sterile insect 
production facility”. International Atomic Energy Agency, Vienna, Austria (2008). 

4. [IAEA] International Atomic Energy Agency. Insect Pest Control Newsletter 68. 
http://www-naweb.iaea.org/nafa/ipc/public/ipc-nl-68.pdf (2007). 

5. [IIA] International Irradiation Association. “Experts tackle shipment issues for beneficial 
radiation sources”. IIA eNewsletter, May 2008, pp. 2-9 (2008). 

6. [US FDA] United States Food and Drug Administration. “Irradiation in the Production, 
Processing and Handling of Food”, 21 CFR Part 179. Fed. Regist. 69, pp. 76844-76847 
(2004). 

7. A. Bakri, K. Mehta, and D. R. Lance. “Sterilizing insects with ionizing radiation”. In V. 
A. Dyck, J. Hendrichs, and A. S. Robinson (eds.), Sterile Insect Technique. Principles and 
Practice in Area-Wide Integrated Pest Management. Springer, Dordrecht, The 
Netherlands, pp. 233-268 (2005). 



INAC 2009, Rio de Janeiro, RJ, Brazil. 
 

8. W.D. Hunter. “Results of experiments to determine the effect of Roentgen rays upon 
insects”. J. Econ. Entomol. 5, pp.188-192 (1912). 

9. A.C. Morgan and G. A. Runner. “Some experiments with Roentgen rays upon the cigarett 
beetle”, Lasioderma serricorne Fabr. J. Econ. Entomol. 6, pp. 226-230 (1913). 

10. G.A. Runner. “Effect of Röntgen rays on the tobacco, or cigarette beetle and the results of 
experiments with a new form of Röntgen tube”. J. Agric. Res. 6, pp. 383-388 (1916). 

11. H.J. Muller. “Artificial transmutation of the gene”. Science 66, pp. 84-88 (1927). 
12. A.W. Lindquist. “The use of gamma radiation for control or eradication of the screw-

worm”. J. Econ. Entomol. 48, pp. 467-469 (1955). 
13. R.C. Bushland and D. E. Hopkins. “Sterilization of screw-worm flies with X-rays and 

gamma rays”. J. Econ. Entomol. 46, pp.648-656 (1953). 
14. M.J.D. White. “The effect of X-rays on the first meiotic division in three species of 

Orthoptera”. Proc. R. Soc. B Biol. Sci. 124, pp. 183-196 (1937). 
15. P.W. Whiting. “Decrease in biparental males by x-raying sperm in Habrobracon”. Proc. 

Pa. Acad. Sci. 12, pp. 74-76 (1938). 
16. J.C. Carlson. “Effects of X-radiation on grasshopper chromosomes”. Cold Spring 

Harbour Symposium on Quantitative Biology 9, pp.104-113 (1941). 
17. M. Demerec and B. P. Kaufmann. “Time required for Drosophila males to exhaust the 

supply of mature sperm”. Amer.Nat. 84, pp. 366-379 (1941). 
18. P.C. Koller and I. A. R. S. Ahmed. “X-ray-induced structural changes in the chromosomes 

of Drosophila pseudo-obscura”. J. Genet. 44, pp.53-72 (1942). 
19. W. M. Luce, H. B. Chase, and H. Quastler. “Effects of graded dosage of X-rays on the 

production of eye facets in the bar-eyed race of Drosophila melanogaster”. Genetics 33, 
pp. 115 (1948). 

20. H.V. Crouse. “The differental response of male and female germ cells of Sciara 
coprophila (Diptera) to irradiation”. Amer.Nat. 75, pp. 195-202 (1950). 

21. R.C. Bushland and D. E. Hopkins. “Experiments with screw-worm flies sterilized by X-
rays”. J. Econ. Entomol. 44, pp.725-731 (1951). 

22. P.A. Follett and J. W. Armstrong. “Revised irradiation doses to control melon fly, 
Mediterranean fruit fly, and oriental fruit fly (Diptera: Tephritidae) and a generic dose for 
tephritid fruit flies”. J. Econ. Entomol. 97, pp.1254-1262 (2004). 

23. M. Alonso, L. Palou, M. A. del Rio, and J. A. Jacas. “Effect of X-ray irradiation on fruit 
quality of clementine mandarin cv. 'Clemenules'”. Radi. Phys. and Chem. 76, pp.1631-
1635 (2007). 

24. [US FDA] United States Food and Drug Administration. Irradiation in the production, 
processing and handling of food. Fed. Regist. 51, pp. 13375-13399 (1986). 

25. C. Caceres. “Mass rearing of temperature sensitive genetic sexing strains in the 
Mediterranean fruit fly (Ceratitis capitata)”. Genetica 116, pp.107-116 (2002). 

26. C. Caceres, K. Fisher, and P. Rendon. “Mass rearing of the medfly temperature sensitive 
lethal genetic sexing strain in Guatemala”. In: K.-H. Tan (ed.), Area-wide Control of Fruit 
Flies and Other Insect Pests, Joint Proceedings of the International Conference on Area-
wide Control of Insect Pests and of the Fifth International Symposium on Fruit Flies of 
Economic Importance, Penang, Malaysia, 1-5 June 1998. Penerbit Universiti Sains 
Malaysia, Penang, Malasia, pp. 551-558 (2000). 

27. [IAEA] International Atomic Energy Agency. Dosimetry system for SIT: Standard 
operating procedure for Gafchromic film. http://www-naweb.iaea.org/nafa/ipc/public/ipc-
gafchromic-dosimetry-sit.html (2004) 

28. [FAO/IAEA/USDA] Food and Agriculture Organization/International Atomic Energy 
Agency/United States Department of Agriculture. Product quality control and shipping 



INAC 2009, Rio de Janeiro, RJ, Brazil. 
 

procedures for sterile mass-reared tephritid fruit flies, 5th ed. IAEA, Vienna, Austria 
(2003). 

29. [ICRP] International Commission on Radiological Protection. Recommendations of the 
International Commission on Radiological Protection. Ann. ICRP 21, pp.1-201(1991). 

30. C. Borek, E. J. Hall, and M. Zaider. “X-rays may be twice as potent as γ rays for 
malignant transformation at low doses”. Nature 30, pp. 156-158 (1983). 

31. W.S. Abbott. “A method of computing the effectiveness of an insecticide”. J. Econ. 
Entomol. 18, pp. 265-267 (1925).  

32. R.R. Sokal and F. J. Rohlf. Biometry, 2nd ed. W.H. Freeman & Co., New York, NY 
(1981). 

33. J.L. Robertson, and H.K. Preisler. Pesticide bioassays with arthropods. CRC Press, Boca 
Raton, Florida (1992).  

34. M.W. Wheeler, J. Fadel , J.K. Robertson, and J. Bailer. “Confidence interval construction 
for relative toxicity endpoints such as LD50 or LD90 ratios”. J Econ Entomol. 100, pp. 
1945–1949 (2007). 

35. SAS Institute. Statistical Analysis System version 9.1. SAS Institute Inc., Cary, NC. 
(2004). 

36. G. Franz. “The "Combi fly concept" revisited: How much radiation is required to sterilize 
males of a genetic sexing strain?”. In: K.-H. Tan (ed.), Area-wide Control of Fruit Flies 
and Other Insect Pests, Joint Proceedings of the International Conference on Area-wide 
Control of Insect Pests and of the Fifth International Symposium on Fruit Flies of 
Economic Importance, Penang, Malaysia, 1-5 June 1998. Penerbit Universiti Sains 
Malaysia, Penang, Malasia, pp. 511-516 (2000). 

37. C. Caceres, E. Ramirez, V. Wornoayporn, S. M. Islam, and S. Ahmad. “A protocol for 
storage and long-distance shipment of Mediterranean fruit fly (Diptera: Tephritidae) eggs. 
I. Effect of temperature, embryo age, and storage time on survival and quality”. Fla. 
Entomol. 90, pp.103-109 (2007). 

38. E. Mamán and C. Cáceres. “A protocol for storage and long-distance shipment of 
Mediterranean fruit fly (Diptera: Tephritidae) eggs. II. Assessment of the optimal 
temperature and substrate for male-only production”. Fla. Entomol. 90, pp.110-114 
(2007). 

39. D.J. Finney. Probit analysis, 3rd ed. Cambridge University Press, Cambridge, U.K. 
(1971). 

40. E. Schmid, G. Rimpl, and M. Bauchinger. “Dose-response relation of chromosome 
aberrations in human lymphocytes after in vitro irradiation with 3 MeV electrons”. Radiat. 
Res. 57, pp. 228-238 (1974). 

41. A.G. Underbrink, A. M. Kellerer, R. E. Mills, and A. H. Sparrow. “Comparison of X-Ray 
and gamma-ray dose-response curves for pink somatic mutations in Tradescantia clone 
02”. Radiat. Envir. Biophys. 13, pp. 295-303 (1976). 

42. D.J. Brenner, S. G. Sawant, M. P. Hande, R. C. Miller, C. D. Elliston, Z. Fu, and G. 
Randers-Pehrson. “Routine screening mammography: how important is the radiation-risk 
side of the benefit-risk equation”. Int. J. Radiat. Biol. 78, pp.1065-1067 (2002). 

43. A.M. Kellerer. “Electron spectra and the RBE of X rays”. Radiat. Res. 158, pp.13-22 
(2002). 

44. M. Mestres, M. R. Caballin, L. Barrios, M. Ribas, and J. F. Barquinero. “RBE of X-rays 
of different energies: A citogenetic evaluation by FISH”. Radiat. Res. 170, pp. 93-100 
(2008). 

45. T.M. Koval, W. C. Myser, R. W. Hart, and W. F. Hink. “Comparison of survival and 
unscheduled DNA synthesis between an insect and a mammalian cell line following X ray 
treatments”. Mutat. Res. 49, pp. 431-435 (1978). 



INAC 2009, Rio de Janeiro, RJ, Brazil. 
 

46. T.M. Koval, R. W. Hart, W. C. Myser, and W. F. Hink. “DNA single-strand break repair 
in cultured insect and mammalian cells after X-irradiation”. Int. J. Radiat. Biol. 35, 
pp.183-188 (1979). 

47. T.M. Koval. “Intrinsic resistance to the lethal effects of X-irradiation in insect and 
arachnid cells”. Proc. Natl. Acad. Sci. U. S. A. 80, pp. 4752-4755 (1983). 

48. O.A. Koval, A. M. Waiserman, and N. M. Koshel. “Radiation aging of Drosophila 
melanogaster”. Probl. Aging Longevity 4, pp. 193-202 (1994). 

49. J.L. Nation, B. J. Smittle, K. Milne, and T. M. Dykstra. “Influence of irradiation on 
development of Caribbean fruit fly (Diptera: Tephritidae) larvae”. Ann. Entomol. Soc. Am. 
88, pp. 348-352 (1995). 

50. A.N. Bozcuk. “DNA synthesis in the absence of somatic cell division associated with 
ageing in Drosophila subobscura”. Exp. Gerontol. 7, pp.147-156 (1972). 

51. IDIDAS. International database for insect disinfestation and sterilization. http://www-
ididas.iaea.org/IDIDAS/default.htm  (2009). 

52. A. Bakri, N. Heather, J. Hendrichs, and I. Ferris. “Fifty years of radiation biology in 
entomology: lessons learned from IDIDAS”. Ann. Entomol. Soc. Am. 98, pp.1-12 (2005). 

53. M.A. Hill. “The variation in biological effectiveness of X-rays and gamma rays with 
energy”. Radiat. Prot. Dosimetry 112, pp.471-481 (2004). 

54. A. Allinghi, G. Calcagno, N. Petit-Marty, P. Gomez Cendra, D. Segura, T. Vera, J. 
Cladera, C. Gramajo, E. Willink, and J. C. Vilardi. “Compatibility and competitiveness of 
a laboratory strain of Anastrepha fraterculus (Diptera: Tephritidae) after irradiation 
treatment”. Fla. Entomol. 90:27-32 (2007). 

55. A.S. Robinson. “Genetic basis of the sterile insect technique”. In: V. A. Dyck, J. 
Hendrichs, and A. S. Robinson (eds.), Sterile Insect Technique. Principles and Practice in 
Area-Wide Integrated Pest Management. Springer, Dordrecht, The Netherlands, pp. 95-
114 (2005). 

56. A. Parker and K. Mehta. “Sterile insect technique: a model for dose optimization for 
improved sterile insect quality”. Fla. Entomol. 90, pp. 88-95 (2007). 

57. B. Dodd, R.J. Vetter. “Replacement of 137Cs Irradiators with X-ray Irradiators”. Health 
Physics 96, pp. 27-30 (2009).  

58. J.K. Wagner, J.A. Dillon, E.K. Blythe and J.R. Ford. “Dose characterization of the rad 
sourceTM 2400 X-ray irradiator for oyster pasteurization”. Appl. Radiat. Isto. 67, pp. 334 – 
339 (2009). 

59. G.H.S. Hooper. “Sterilization and competitiveness of the Mediterranean fruit fly after 
irradiation of pupae with fast neutrons”. J. Econ. Entomol. 64, pp. 1369-1372 (1971). 

60.  A.M. Vaiserman, N. M. Koshel, A. Y. Litoshenko, T. G. Mozzhukhina, and V. P. 
Voitenko.” Effects of X-irradiation in early ontogenesis on the longevity and amount of 
the S1 nuclease-sensitive DNA sites in adult Drosophila melanogaster”. Biogerontol. 4, 
pp. 9-14 (2003). 
 


