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ABSTRACT Recent fears of terrorism have provoked an increase in delays and denials of trans-
boundary 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 radiation from radioisotopes for
insect sterilization. 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 � radiation from
60Co. Male C. capitata pupae and pupae of both sexes of A. fraterculus, both 24Ð48 h before adult
emergence, were irradiated with doses ranging from 15 to 120 Gy and 10Ð70 Gy, respectively.
Estimated mean doses of 91.2 Gy of X and 124.9 Gy of � radiation induced 99% sterility in C. capitata
males. IrradiatedA. fraterculuswere 99% sterile at �40Ð60 Gy for both radiation treatments. Standard
quality control parameters and mating indices were not signiÞcantly affected by the two types of
radiation. The RBE did not differ signiÞcantly between the tested X and � radiation, and X rays are
as biologically effective for SIT purposes as � rays are. This work conÞrms the suitability of this new
generation of X ray irradiators for pest control programs that integrate the SIT.
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The sterile insect technique (SIT) consists of mass
production of the target insect species, sterilization
(historically using � radiation) and systematic area-
wide release into the Þeld. The sterile males Þnd and
mate with wild fertile females, transferring sperm car-
rying dominant lethal mutations, which results in no
viable offspring and leads to a reduction in the pest
population in the Þeld (Knipling 1955). Following its
original development �50 yr ago, this technique has
been used for suppression, eradication, containment,
and prevention of many insect pests (Hendrichs et al.
2005).

Nowadays, there is increasing interest in this envi-
ronmentally friendly pest control technique demon-
strated by the number and scope of current Þeld
applications and the production capacity of sterile
insect facilities (IDIDAS 2009). Demand for sterile
insects from some countries also has exceeded supply,
so that private investors and commercial companies

are now being encouraged to participate in this busi-
ness (IAEA 2008a).

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., Ot-
tawa, ON, Canada) has been discontinued. Further-
more, there are serious doubts about the future avail-
ability of these small scale irradiators due to the
growing complexities of the transboundary shipment
of radioisotopes and the fear of “dirty bombs.” The
Goiânia accident with a 137Cs source (IAEA 1988) has
often been cited as an example of what could happen
in the case of a terrorist event.

This concern is also causing problems for the In-
ternational Atomic Energy Agency (IAEA) regarding
the reloading of existing sources, the acquisition of
new ones and their shipment to United Nations Mem-
ber States (IAEA 2007). Between September 2007 and
March 2008, 69 reports of delays and denials of ship-
ments of radioactive materials in total were forwarded
to the IAEA, including 13 related to 60Co (IAEA
2008b).

Practical alternatives to isotopic irradiators include
high-energy electrons (with energy �10 MeV) and X
rays (from electron beams with energies below 7.5
MeV) (Bakri et al. 2005b, U.S. FDA 2004). Alternative
X ray systems are under development in the United
States, and almost a hundred low-energy self-con-
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tained X ray irradiators are already operating success-
fully at medical institutes (Dodd and Vetter 2009).
Similar irradiators can be conÞgured to address the
requirements of an SIT program and a unit has re-
cently been developed for insect sterilization in Pan-
ama (IAEA 2007).

In the early days of arthropod irradiation for SIT
application, X rays were all that was available to sci-
entists. The Þrst assays with X rays date from the
beginning of the 20th century (Hunter 1912, Morgan
and Runner 1913, Muller 1927, Runner 1916), and
Bushland and Hopkins (1953) reviewed initial litera-
ture about the effect of X rays on arthropods. How-
ever, the penetration and dose rate achieved by most
X rays machines in the 1950s was much lower than that
of isotopic sources, limiting the number of insects that
could be sterilized (Lindquist 1955).

More recently, Sacchi et al. (1977) evaluated dif-
ferent doses of X rays and neutrons in Piophila casei
(L.) (Diptera: Piophilidae) and found that calculated
values of relative biological effectiveness (RBE; see
deÞnition in Materials and Methods) comparing the
effects of both types of radiation on sterility were close
to those found by Hooper (1971) in Ceratitis capitata
(Wiedemann) (Diptera: Tephritidae). Koval et al.
(1994) and Vaiserman et al. (2003) investigated
hormesis in X ray irradiated Drosophila melanogaster
(Meigen) (Diptera: Drosophilidae).

Another current potential use for X rays in agricul-
ture is as a quarantine disinfestation treatment (Follett
and Armstrong 2004, Alonso et al. 2007). The Food and
Agriculture Organization of the United Nations has
developed standards on the use of radiations as a
phytosanitary treatment (FAO 2006) and the United
States Food and Drug Administration has approved
the use of X rays for such purposes since 1986 (U.S.
FDA 2004).

Before adopting a new irradiation technology, stud-
ies are necessary to determine its effects upon steril-
ization and the quality of the irradiated insects. This
study compared doseÐresponse curves for the induc-
tion of sterility in two species of economically impor-
tant fruit ßies, C. capitata and Anastrepha fraterculus
(Wiedemann) (Diptera: Tephritidae), by using a
Gamma Cell 220 and a new X ray irradiator (RS-2400,
Rad Source Technologies Inc., Alpharetta, GA). In
addition, various aspects of quality of the insects ir-
radiated with the two types of radiation were com-
pared, including Þeld cage behavioral evaluations.

Materials and Methods

Insects and Environmental Conditions. The exper-
iments took place at the Entomology Unit, FAO/IAEA
Agriculture and Biotechnology Laboratory, Seibers-
dorf, Austria, in controlled environment rooms (23 �
1�C, 65% RH, and a photoperiod of 14:10 [L:D] h) and
in an environmentally controlled greenhouse (22 �
2�C and 60 � 10% RH). TheC. capitata strain used was
a genetic sexing strain, VIENNA 8/D53 (Cáceres et al.
2000, Cáceres 2002). For A. fraterculus, a bisexual

strain of a colony established from an Argentinean
population was used (IAEA 2006).
Irradiation Procedures. The � radiation source was

a Gamma Cell 220 60Co irradiator, with an activity of
28.8 � 1012 Bq (778.6 Ci) and a central dose rate of
10.4 � 0.3 Gy min�1 at the beginning of the tests. A
Styrofoam holder was used to place the plastic tubes
(90 mm in height by 25 mm in diameter) containing
pupae at the center of the � radiation Þeld.

The X rays used were generated by an RS-2400
self-contained low-energy irradiator, operated at 150
keV and 45 mA giving a rate of 14.1 � 0.7 Gy min�1 at
the irradiation position. A small plastic bag with the
pupae was positioned in the center of the canisters
(178 mm in diameter by 167 mm in length) that were
suspended by cradles so that they revolved around the
horizontal X ray tube. Further details of the RS-2400
can be found in Wagner et al. (2009).

For each exposure, dosimetry was performed fol-
lowing the Gafchromic dosimetry system (Gafchro-
mic HD-810 Þlm, International Specialty Products,
Wayne, NJ). One 20- by 20-mm (for X ray) or three
10- by 10-mm (for � ray) Þlm dosimeter were placed
in a small paper envelope, which was placed among
the pupae before each exposure. The optical density
measurements were performed on a Radiachromic
reader (FWT-92D, Far West technology, Inc., Goleta,
CA) 24 h after irradiation, and the dose was calculated
according to IAEA (2004).
IrradiationEffect onFertility andFecundity.ForC.

capitata,male pupae 24Ð48 h before adult emergence
were irradiated with 0 (control), 15, 30, 60, 90, and 120
Gy. One-day-old adult males were used for the tests
and they were placed with nonirradiated females of
the same age in cages measuring nine by 4.5 by 4.5 cm.
These cages were distributed in a randomized design
with 12 replicates (cages) for each dose, with three
couples per cage, and four egg collections per week.
In each cage, water was supplied by a Þlter paper in
constant contact with water below the cage. A yeast
hydrolysate (ICN Pharmaceuticals Inc., Aurora, OH):
sugar (1:3) adult diet was offered ad libitum. Females
laid eggs through netting on the end wall of each cage
onto moist black Þlter paper in a petri dish. The Þlter
paper was removed every 24 h and the eggs counted.
The eggs were incubated (25 � 1�C and 65% RH) for
5 d in a petri dish on moistened sponge and the
hatched eggs counted.

ForA. fraterculus, four doses were applied to pupae
24Ð48 h before adult emergence: 0 (control), 10, 20,
35 and 70 Gy. Five days after emergence, adults were
sorted by sex. For each treatment, fertility and fecun-
dity were evaluated by mating 30 nonirradiated fe-
males or males to 30 irradiated individuals of the op-
posite sex for a week in a 7-liter cylinder ßask. Flies
were fed ad libitum with a mixture of yeast hydroly-
sate, sugar, and wheat germ (1:3:1). Water was pro-
vided in test tubes covered with foam plastic plugs.
Females laid eggs through netting on the top of the
cage into an egging device, made of a water-Þlled dish
whose base was a cloth covered with a thin layer of
black silicone rubber. The water from the egging de-
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vice was removed every 24 h, and the eggs were
collected. The number of eggs for each cage was
counted on a 9-cm circle of moist black Þlter paper and
then placed in a petri dish with moistened sponge to
assess hatch Þve days later (25 � 1�C and 65% RH).
There were six replicates for each treatment and four
egg collections.
Adult Emergence and Fliers. To assess adult emer-

gence from irradiated pupae, 50 pupae for each treat-
ment were placed in petri dishes, 10 replicates per
treatment for C. capitata and six for A. fraterculus.
After 72 h, percentage adult emergence was calcu-
lated. The number of ßiers was assessed following the
standard method (FAO/IAEA/USDA 2003). After
emerged ßies ßew or died, those crawling and remain-
ing were then counted inside the opaque tubes. Rep-
lication was the same as described above for adult
emergence.
Longevity Under Stress. A sample of treated pupae

from each treatment was placed in a cage without food
or water, and within 2 h of emergence, 20 adult ßies
(for A. fraterculus, 10 males and 10 females) were
placed in a petri dish (100 mm in diameter) without
food or water (10 replicates for C. capitata and six for
A. fraterculus). Percentage of survival was calculated
by counting the number of live ßies after 48 h in the
dark.
Field Cage Tests. Four Þeld cages inside a green

house under controlled conditions were used for mat-
ing competitiveness 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 � or X rays) from the same
colony were released in each cage. For A. fraterculus,
20 nonirradiated males and females from the labora-
tory colony and 20 irradiated males and females (ir-
radiated with 60 Gy of � or X rays) from the same
colony were released in each cage. Some 24Ð48 h
before the test, sexually mature ßies were marked
individually by applying a small dot of water-based
paint on the dorsal surface of the thorax (FAO/IAEA/
USDA 2003). On the day of the test, the males were
released Þrst into the cages to disperse. Dead or mor-
ibund ßies were replaced. Thirty minutes later, fe-
males were released. During the next 3 h, the number
and type of matings were recorded. ForA. fraterculus,
the relative isolation index (RII), the index of sexual
isolation (ISI), and male and female relative perfor-
mance indices (MRPI and FRPI) were calculated
(FAO/IAEA/USDA 2003). ForC. capitata, as the tests
were not assayed for irradiated females as facilities
using this GSS do not release females in the Þeld, only
the relative sterile index (RSI) was obtained. There
were six replicates for each index.
Relative Biological Effectiveness. The relative bio-

logical effectiveness for a given test irradiation is cal-
culated 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 (ICRP
1991). 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 � radiation).
DataAnalysis.For statistical analyses of sterility, the

data corrected for the appropriate control value (Ab-
bott 1925) were Probit transformed and linear regres-
sion analysis against the log of the radiation dose per-
formed (Sokal and Rohlf 1981). The RBEs for D50, D90,
and D99 values (i.e., D50 is the estimated dose that
induces 50% sterility) were calculated, with their 95%
conÞdence intervals, and were used to compare the
effectivenessof the tworadiations.Differences inRBE
at D50, D90, and D99 were compared using the “lethal
concentration ratio test” (Robertson and Preisler
1992, Wheeler et al. 2007). In this ratio-based method,
no difference exists in D50, D90, or D99 estimates if the
95% conÞdence interval for the ratio includes 1 or the
95% conÞdence interval for the log(D50, D90, or D99

ratio) contains 0 at � � 0.05. The D50, D90 and D99

values for the X radiation were taken as the baseline
for comparisons. For fecundity, a linear regression
analysis also was performed for the means of accu-
mulated numbers of eggs at the 1% level of signiÞ-
cance. For adult emergence, ßiers and longevity under
stress, the same regression analysis was applied. The
sexual indices RSI, RII, ISI, MRPI, and FRPI were
compared using StudentÕs t-test (� � 0.05) by the
statistical program SAS 9.1. (PROC GLM, SAS Insti-
tute 2003).

Results

Dosimetry. The 95% conÞdence interval for doses
measured by the Gafchromic Þlm was � 7.7%. None
of the dosimetry results differed at the 5% level from
the target dose. The target dose values were, there-
fore, used throughout.
Irradiation Effects on Fertility and Fecundity. The

linear regression lines of the Probit transform of ste-
rility against the logarithm of dose for X and � radi-
ation are presented at Figs. 1Ð3. Estimated doses to
give 50, 90, and 99% sterility (D50, D90, and D99, re-
spectively), with upper and lower conÞdence limits,
are listed in Table 1.

The control fertility in theC. capitata genetic sexing
strain was low, i.e., 63 � 2.6% (mean � SE) due to the
presence of the translocation (Cáceres et al. 2007,
Franz 2000) resulting in a large correction using Ab-
bottÕs formula. For C. capitatamales, 99% sterility was
estimated to be reached at doses of 91.2 Gy of X and
124.9 Gy of � radiation. Therefore, considering 99% of
sterility as an endpoint, the given RBE was 0.73. The
slopes of the linear regression lines (F� 360.1; df � 1,
16; P � 10�3; F � 220.1; df � 1,16; P � 10�3, respec-
tively, for X and � radiation regression lines) did not
differ signiÞcantly (F � 0.001; df � 1, 18; P � 0.97).

Natural sterility means observed in the controls for
Anastrepha were 14.2 � 3.05% (irradiated males �
nonirradiated females) and 6.9 � 0.8% (nonirradiated
males � irradiated females). Sterility data forA. frater-
culusmales are shown in Fig. 2 (F� 35.8; df � 1, 5; P�
0.003; F � 63.3; df � 1, 5; P � 0.001, respectively, for
X and � radiation regression lines). When irradiated
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males were mated to nonirradiated females, there was
a signiÞcant reduction in fertility (�99%) at estimated
doses as low as 37.8 and 36.3 Gy of X and � radiation,
respectively (RBE � 1.04) compared with the control.
The slopes of the linear regression lines were not
signiÞcantly different (F � 3.01; df � 1, 8; P � 0.12).

When irradiated A. fraterculus females were
mated with nonirradiated males (Fig. 3) (F � 13.1;
df � 1, 6; P � 0.01 and F � 13.1; df � 1, 6; P � 0.01
for X and � radiation regression lines, respectively),
only 1% of eggs hatched at the estimated doses of
57.8 Gy of X and 57.3 Gy of � radiation (RBE � 1.01).

Fig. 1. Linear regression of Probit transformed sterility on log dose from crosses between nonirradiated females and
irradiated C. capitata males with 95% conÞdence intervals.

Fig. 2. Linear regression of Probit transformed sterility on log dose from crosses between nonirradiated females and
irradiated A. fraterculus males with 95% conÞdence intervals.
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The slopes did not differ signiÞcantly too (F� 0.15;
df � 1, 10; P � 0.71).

All conÞdence intervals for the RBE normalized to
X radiation encompassed 1, so the null hypothesis of
equal median doses at 50, 90, and 99% sterility was not
rejected. Thus, the D50, D90, and D99 values for �
radiation were not signiÞcantly different from the X
radiation doses at the same levels of sterility (P �
0.05).

The overall mean quality control values for X- and
�-irradiated insects are summarized in Tables 2 and 3.
The fecundity (from crosses between irradiated males
and nonirradiated females), adult emergence, ßiers
and survival were not signiÞcantly affected by radia-
tion of either type in either species, and no signiÞcant
differences among the means were found and the
Þtted regression lines slopes did not differ signiÞcantly
from zero. The estimated mean of eggs/d/female in all

treatments was 32.02 � 1.2 and 11.7 � 3.9 for C.
capitata and A. fraterculus, respectively.

For irradiated A. fraterculus females, oviposition
was severely reduced as the radiation dose increased.
No eggs were laid after irradiation with 70 Gy of either
type of radiation. Considering the number of eggs laid
as the dependent variable (Y) and the radiation dose
as the independent variable (x) the fecundity for X
irradiated females was described by the equation Y�
1359.1 � 25.2x, R2 � 0.52 (F � 30.5; df � 1, 29; P �
10�3) and for � radiation by Y� 1780.6 � 30.5x, R2 �
0.67 (F� 56.2; df � 1, 29; P� 10�3). The slopes of the
lines did not differ (F � 0.78; df � 1, 56; P � 0.38).
Adult Emergence and Fliers. Neither adult emer-

gence forC. capitata andA. fraterculus nor percentage
of ßiers were signiÞcantly affected by radiation type or
dose (Tables 2 and 3). Values of emergence and ßiers
were �77 and 52%, respectively, higher than the min-

Fig. 3. Linear regression of Probit transformed sterility on log dose from crosses between irradiated females and
nonirradiated A. fraterculus males with 95% conÞdence 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

Treatment D50
a RBEb 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)
� radiation 27.9 (22.9; 33.9) 0.7ns,d (0.5; 1.0) 63.8 (53.9; 75.8) 0.7ns (0.4; 1.0) 124.9 (94.9; 160.9) 0.7ns (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)
� radiation 7.6 (5.3; 11.1) 1.7ns (0.4; 6.9) 18.2 (15.3; 21.9) 1.2ns (0.3; 5.1) 36.3 (27.8; 49.4) 1.04ns (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)
� radiation 23.8 (15.1; 36.7) 1.1ns (0.3; 4.4) 38.6 (21.3; 71.2) 1.1ns (0.3; 4.2) 57.3 (25.7; 125.4) 1.01ns (0.2; 4.4)

aD � dose (Gy) that induces 50, 90, or 99% sterility.
b RBE, relative biological effectiveness (X rays/� rays).
cConÞdence interval stated at 95% conÞdence level.
dWhen the conÞdence interval include the no. 1 for D50, D90, or D99 RBE, then the D50, D90, or D99 values are not signiÞcantly different

(P � 0.05; ns, not signiÞcant).
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imum speciÞed postirradiation percentages (FAO/
IAEA/USDA 2003).
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%, re-
spectively. The minimum survival speciÞed by FAO/
IAEA/USDA (2003) are 50, 55, and 40% forC. capitata
(GSS), Anastrepha ludens (Loew), and Anastrepha
obliqua (Macquart), respectively (no data available
for A. fraterculus in the manual).
Field Cage Tests. No signiÞcant difference was

found between X and � radiation regarding compat-
ibility and competitiveness indices (Table 4) (analysis
of variance (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 � radiation,
respectively, and did not differ signiÞcantly from each
other (F� 2.7; df � 1,11; P� 0.13). Both these results
were close to 0.5 what suggests that fertile females
mated randomly with nonirradiated or irradiated
males in both treatments.

Mean relative isolation indices (RII) for A. frater-
culus were 1.12 � 0.3 and 2.03 � 1.5 for insects irra-
diated with X and � radiation (F� 2.2; df � 1, 11; P�
0.17). An RII close to 1 indicates random mating.

The index of sexual isolation (ISI) values of
�0.0058 � 0.09 and 0.063 � 0.2 for X and � radiation,
respectively, represented satisfactory levels of com-
patibility between the irradiated and nonirradiated
ßies (F � 0.14; df � 1, 11; P � 0.71).

Irradiated A. fraterculus males were as effective at
obtaining mates as nonirradiated males (Table 4), hav-
ing MRPI averages of �0.2 � 0.09 and �0.043 � 0.14
for X and � irradiated ßies, respectively (F� 0.9; df �
1, 11; P � 0.37). The A. fraterculus female relative
performance indices (FRPI) were close to 0. This
indicates that females from both treatments, nonirra-
diated and irradiated with both types of radiation,
participated equally in mating (F� 0; df � 1, 11; P�
0.99).

Discussion

The International Commission on Radiological Pro-
tection (ICRP) in its publication 60 (ICRP 1991) has
assigned, for radiation protection purposes, a radiobi-
ological weighting factor (wR) and a quality factor
(Q) of 1 for X rays, � radiation, and electrons or other
ionizing particles having a linear energy transfer
(LET) �3.5 keV � �m�1. The implicit assumption,

Table 2. Linear regression for C. capitata quality control parameters

Quality control
parameter

Control

X radiation � radiation

Overall mean
(� SE) from

doses

SigniÞcance test
for the linear

regression

Overall mean
(� SE) from

doses

SigniÞcance test
for the linear

regression

Fecundity 344.6 � 44.5 367.9 � 18.1 F� 0.18ns,b 406.1 � 16.7 F� 3.34ns

(na� 4,135) (n� 22,074) df � 1, 71 (n� 23,957) df � 1, 70
P� 0.67 P� 0.07

Emergence (%) 91.2 � 1.5 90.1 � 0.8 F� 5.1ns 90.5 � 0.7 F� 0.58ns

df � 1, 59 df � 1, 59
P� 0.03 P� 0.45

Fliers (%) 82.4 � 2.7 81.8 � 1.1 F� 3.4ns 81.6 � 1.1 F� 3.8ns

df � 1,59 df � 1, 59
P� 0.07 P� 0.06

Survival (%) 84 � 4.9 85.4 � 1.6 F� 0.31ns 84.2 � 1.6 F� 0.04ns

df � 1,59 df � 1, 59
P� 0.58 P� 0.84

a n, total number of eggs evaluated.
b Analyses of variance with F-test indicates if a signiÞcant linear regression can be Þtted to the data or not (P � 0.01; ns, not signiÞcant).

Table 3. Linear regression for A. fraterculus quality control parameters

Quality control parameter Control

X radiation � radiation

Overall mean
(� SE) from

doses

SigniÞcance test
for the linear

regression
(df � 1, 29)

Overall mean
(� SE) from

doses

SigniÞcance test
for the linear

regression
(df � 1, 29)

Fecundity (irradiated male �
fertile female)

1,428.67 � 173.3 1,471.9 � 135.1 F� 0.27ns,b 1322.2 � 134.8 F� 2.8ns

(na� 8,572) (n� 35,325) P� 0.6 (n� 31,733) P� 0.1
Emergence (%) 78 � 1.3 83.2 � 1.3 F� 5.3ns 85.0 � 1.6 F� 1.9ns

P� 0.03 P� 0.17
Fliers (%) 59.3 � 1.6 60.6 � 3.1 F� 0.3ns 62.8 � 2.3 F� 0.25ns

P� 0.6 P� 0.62
Survival (%) 74 � 4.6 76.3 � 1.9 F� 0.51ns 72.3 � 2.3 F� 0.19ns

P� 0.48 P� 0.6

a n, total number of eggs evaluated.
b Analyses of variance with F-test indicates if a signiÞcant linear regression can be Þtted to the data or not (P � 0.01; ns, not signiÞcant).
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which was determined using data from the survivors
of the Hiroshima and Nagasaki atom-bombs and from
women who received multiple ßuoroscopies, was that
low energy X rays have the same biological efÞciency
as high-energy � radiation (predominantly in the 2Ð5
MeV range). Many of the current risk estimates are
still based on this assumption. However, several stud-
ies have demonstrated that the RBE for X relative to
� radiation can actually range from 1 to 8 (Schmid et
al. 1974, Underbrink et al. 1976, Borek et al. 1983,
Brenner et al. 2002, Kellerer 2002, Mestres et al. 2008).
However, in view of the characteristic radioresistance
of insect cells and the range of doses used for SIT
programs, an RBE close to 1 is expected for routine
irradiation procedures for SIT.

Most of those works that present high RBE values
are related to oncogenic transformations in mamma-
lian cells and as a result of mammography X rays. But
huge differences exist between mammalian and ar-
thropod cells that must be taken into account before
any comparison of biological effectiveness of different
energy radiations among such studies. Dipteran cells
are 3 to 9 times and lepidopteran cells 52Ð104 times
more radioresistant than mammalian cells to X radi-
ation (Koval et al. 1978, 1979; Koval 1983) and radi-
osensitivity also decreases with age in insects.

Inducing failure of adults to emerge, for example,
requires damage to the imaginal disks at earlier stages
(Nation et al. 1995); and except for cells in the gonads
and some in the gut, there is practically no cell mitosis
in the adult fruit ßy (Bozcuk 1972). For those reasons,
the quality control parameters (adult emergence, ßi-
ers, and survival) were not affected by radiation of
either type over the dose range applied in this study
for pupae 24Ð48 h before adult emergence.

Regarding the dose range, most studies that found
large variations in RBE investigated the biological ef-
fectiveness at low doses, i.e., between 0.03 and 3 Gy.
According to the IDIDAS database (IDIDAS 2009),
radiation doses to achieve sterility in Diptera range
from 20 to 150 Gy. In fruit ßy mass-rearing facilities
around the world, the sterility-inducing dose ranges
between 90 and 140 Gy for C. capitata, 70 and 80 Gy
for A. ludens and 80 Gy for A. obliqua (Bakri et al.
2005a,b; Bakri and Hendrichs 2004). Actually, accord-
ing to Hill (2004), low energy X rays are expected to
be more biologically effective per unit absorbed dose
than high energy X or � rays due to the production of
lower energy secondary electrons (with a correspond-

ingly higher LET) and measured values of RBE can
increase as the photon energy decreases.

The mean sterilization doses estimated here are in
accordance with values in the literature. According to
Franz (2000), tsl-GSS C. capitata males are partially
sterile and when irradiated 24 h before adult emer-
gence with a dose of 80Ð90 Gy, it is possible to reach
99% sterility. Allinghi et al. (2007) found that 40Ð60
Gy of � radiation was sufÞcient to induce complete
sterility inA. fraterculusby preventing oviposition, but
no dosimetry was reported.

The 95% conÞdence intervals of the D50, D90, and
D99 estimates increased with the increasing level of
sterility, considerably in the case of irradiated A.
fraterculus females. For this last case, the wide inter-
vals can be explained by the increase in errors with the
reduction in egg sample sizes at higher doses (e.g., at
35 Gy, the sterility responses presented standard er-
rors �5, whereas for lower doses and control the
standard errors were �1.7). Wheeler et al. (2007)
stated that the width of conÞdence intervals tend to
decrease as the sample size per dose increase and to
be wider in situations which a natural mortality re-
sponse parameter is included.

Differences in the sterilization doses between the
sexes of A. fraterculus were not expected, because
female arthropods are, in general, more radiosensitive
than males (Bakri et al. 2005b). It might have occurred
again due to the increase of errors at high doses to
irradiated females and fewer doses used to Þt the
regression lines. Another explanation could be differ-
ences in the maturity of oocytes present when female
pupae were irradiated, e.g., when C. capitata female
pupae are irradiated 24 h before emergence or at later
times, females contain increasing numbers of oocytes
that mature into viable eggs even if irradiated at doses
sufÞcient to sterilize males (Williamson et al. 1985).

Absorbed dose is a key parameter in SIT and must
be tightly monitored, especially for A. fraterculus. Be-
cause no genetic sexing strains are yet available for this
species, the minimum radiation dose chosen must lead
to 100% sterility in females (Robinson 2005). Program
managers also must be encouraged to Þnd a balance
between sterility and competitiveness, to maximize
the overall sterility induced in the wild population
(Parker and Mehta 2007).

The Þeld cage tests suggested that ßies irradiated
with both types of radiation competed successfully
and were compatible with nonirradiated ßies. In gen-

Table 4. Mating indices (mean � SE) for C. capitata and A. fraterculus

Treatment
Mating index

RSI RII ISI MRPI FRPI

C. capitata X radiation 0.46 � 0.03aa

� radiation 0.35 � 0.05a
A. fraterculus X radiation 1.12 � 0.3a �0.0058 � 0.1a �0.2 � 0.1a �0.11 � 0.09a

� radiation 2.03 � 1.5a 0.063 � 0.16a �0.043 � 0.14a 0.079 � 0.2a
CVb (%) 8.18 36.8 15.5 15.5 13.4

aMeans within columns followed by the same letter are not signiÞcantly different (P � 0.05; ANOVA).
bCoefÞcient of variation.
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eral, matings were observed to be random and no
adverse effect on behavior because of the type of
radiation was found. Bushland and Hopkins (1953)
concluded that X and � radiation produce similar ef-
fects and that sterilizedCochliomyia hominivorax (Co-
querel), males competed equally with the nonirradi-
ated males.

As no signiÞcant differences were found between
the regression lines as well as the equality of the
median doses at 50, 90, and 99% sterility, it can be
concluded that the doseÐresponse relationships for X
and � radiation are the same in each of the two fruit
ßies species studied here. These results support pre-
vious research that had suggested that � radiation,
high-energy electrons, or X rays can be used in SIT
programs (Bushland and Hopkins 1951, Baumhover et
al. 1955, Lindquist 1955, Bakri et al. 2005b).

Despite some pending issues such as better calibra-
tion of the dosimetry system, this new X ray technol-
ogy can meet the demands to expand national fruit-ßy
control programs. Furthermore, such machines have a
number of advantages over isotopic irradiators as no
radiation is produced when switched off, there is no
need for external shielding, no radioactive waste is
produced and larger batches may be irradiated (al-
most 19 liters, compared with the maximum 2 liters of
pupae in a Gamma Cell 220) with an acceptable ratio
of maximum to minimum dose (dose uniformity ratio
of 1.3) leading to better public acceptance and simpler
regulatory requirements. Transport costs are also
lower (shipping an isotopic irradiator costs ca. US$
50,000, against US$ 5,000 for an X ray unit) (IAEA
2007). The purchase costs are similar to 137Cs irradi-
ators (e.g., the RS-2400 will sell for �$ 200Ð250,000)
and the X ray tube Þlament is replaceable with a life
span of �2,000 h.

It seems that theeraof the small scale 60Coand 137Cs
irradiators for SIT programs is getting close to an end
and the renaissance of an earlier alternative, the X ray
machine, is beginning.
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