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ABSTRACT: With the aim of making the application of the Sterile Insect Technique (SIT) feasible
in the management of the West Indian fruit fly in Brazil, Anastrepha obliqua (Macquart) (Diptera:
Tephritidae), a number of quality parameters required by the SIT were investigated in this study.
The aim was to verify the influence of a range of doses of gamma radiation (40, 50, 60, 70 and
80 Gy) on the fertility of females and to evaluate several quality control parameters, such as fly
emergence, sex ratio, flight ability and survival under stress, as well as the characterization of
the morphology (measurement of length and width) of the ovaries and testicles of A. obliqua.
Pupae with 24 h before adult emergence were irradiated at CENA/Universidade de Sao Paulo.
The radiosterilization test showed no difference between treatments for the parameters of fly
emergence, sex ratio and survival under stress. The radiation at doses above 40 Gy resulted
in ovarian atrophy in females and the absence of egg production. In males, the radiation also
affected testicular development. Considering the quality parameters assessed, the sterilization
results obtained agreed with previous data in the literature for other A. obliqua strains, and the
dose of 60 Gy could be considered as the best compromise between insect quality and full steril-
ity for the Brazilian strain of A. obliqua evaluated.
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ability

Introduction

The fruit flies of the genus Anastrepha Schiner
(1868) (Diptera: Tephritidae) cause great damage to fruit
production in America (Malavasi and Zucchi, 2000). In
Brazil one of the least studied species of economic and
quarantine importance is the West Indian fruit fly, Anas-
trepha obliqua Macquart, found in almost all states, espe-
cially in Amazonas and Maranhéo, with approximately
70 registered hosts (Fu et al., 2014).

In Mexico, A. obligua populations have been sup-
pressed by the Sterile Insect Technique (SIT) since the
early 1990's. The mass-rearing of sterile flies at the
Moscafrut Fruit Fly Facility began at the end of 1995,
and 65 million sterile A. obligua were produced per
week in 2015 (Orozco-Davila et al., 2017).

Because of the existing variabilities between popu-
lations of A. obligua and the presumed existence of a
group of cryptic species (Ruiz-Arce et al., 2012; Smith-
Caldas et al., 2001), the study of Brazilian populations
is extremely relevant to pest management. Castafieda et
al. (2015) showed significant morphological differentia-
tion between South American populations of A. obliqua,
including comparisons between Brazilian populations,
demonstrating the importance of studies with different
strains of A. obliqua in different regions. To date, there
are no studies of radiosterilization of A. obliqgua Brazilian
strains.

In this context, quality control aims to provide
quality and sterility assurance for individuals to be re-
leased in the field and to be put on alert for operational
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deficiencies (Dominiak et al., 2014). Since 1997, for ex-
ample, the FAO/IAEA/USDA has provided a set of stan-
dards for assessing the quality of sterile fruit flies used
in SIT programs (FAO, 2003). Studies of radiosterilization
in A. obligua assessing biological parameters are very
scarce, and have been carried out mainly on Mexican
strains (Gallardo-Ortiz et. al., 2018; Orozco-Davila et al.,
2017; Rull et al., 2012; Toledo et al., 1993, 2004). More
information on quality control of irradiated individuals
is necessary before encouraging the application of a SIT
program against this pest in Brazil. Furthermore, there
were no studies of the effects on testicles and ovaries
of a laboratory strain of A. obliqua exposed to gamma
radiation.

Therefore, the aim of this study was to determine
the effects of gamma radiation doses on a Brazilian
strain of A. obligua in order to generate relevant data
that could be useful for the eventual implementation of
SIT against this pest in Brazil.

Materials and Methods

The study was conducted at CENA/Universidade
de Sado Paulo, Piracicaba, in the state of Sdo Paulo, Bra-
zil. The domestication of A. obligua and rearing followed
the methodology proposed by Walder et al. (2014) for
A. fraterculus. Adults of A. obligua came from pupae ob-
tained from infested star fruits collected in the munici-
pality of Piracicaba. The larvae were reared on papaya
up to the 6% generation. From the 7% generation on-
wards, the larvae started to feed on an artificial diet. The
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A. obliqua individuals used for the experiments were ob-
tained from the 17% generation of the colony.

The A. obligua larvae of this colony were reared
using an artificial diet based on Salles (1992): wheat
germ, brewer’s yeast, sugar, hydrochloric acid, sodium
benzoate, 10 % nipagin, agar and water. Larvae were
collected on the 10" day by washing the diet on a sieve,
after they began to crawl from the diet, allowed to pu-
pate on moistened vermiculite and kept in a controlled
environment room (25 + 1 °C, 65 + 5 % RH and exter-
nal lighting of 10,000 lux with a photoperiod of 10:14
[L:D] h).

Irradiation settings

The source of radiation was a *°Co irradiator with a
dose rate of 7.8 Gy/min at the beginning of the tests. The
radiosterilization test was performed with pupae 24 h be-
fore adult emergence treated with the following gamma
radiation doses (*Co): 0 (control), 40, 50, 60, 70 and 80
Gy. All irradiations were carried out in separate assays
with three pupal cohorts (one cohort per generation) and
performed under normal atmospheric conditions (free
oxygen). For each irradiation, dosimetry was performed
with a Fricke Dosimeter (Fricke and Hart, 1966).

Radiosterilization tests and biological dosimetry

After irradiation, for each treatment, samples,
each consisting of 50 pupae, were separated from the
batches and placed in 500 mL plastic pots to determine
the emergence percentage and sex ratio [sr = @ / (& +
@], quantified after 72 h. Five replicates were performed
per treatment in time using different pupal cohorts.

Pupae from each treatment were kept in appropri-
ate cages until emergence. The adults were fed ad Iibi-
tum with a mixture of hydrolyzed yeast, raw wheat germ
and sugar (1:1:3) and water was supplied in Petri dishes
with cotton. Three days after emergence, 10 males and
10 females were separated and placed in 1.5 L plastic
pots (‘mini-cages’) with a screened upper part for ven-
tilation and a voile coated with a thin layer (0.1 mm) of
silicon installed for oviposition.

For each treatment, the following groups were
formed: 10 irradiated males (doses of 40, 50, 60, 70 and
80 Gy) x 10 non-irradiated females (0 Gy), 10 non-irra-
diated males (0 Gy) x 10 irradiated females (doses of 40,
50, 60, 70 and 80 Gy); and 10 non-irradiated males x 10
non-irradiated females for control. Five replicates were
performed per treatment.

After reaching sexual maturity (8 to 10 days af-
ter adult emergence), egg samples were collected daily
for 10 consecutive days. The eggs were counted and ar-
ranged on filter paper moistened within a Petri dish and
incubated at 25 + 1 °C for 4 days. After this period, the
number of empty chorions was counted and egg hatch
(%) was calculated by the following formula: [(number
of empty chorions x 100)/total number of eggs col-
lected]. The egg collection was maintained until at least
1,000 eggs were obtained in each treatment. Ten repli-
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cates were performed for each treatment. The number
of eggs/day/female was recorded for each treatment in
order to estimate fecundity.

Flight Ability of irradiated Anastrepha obliqua

The flying ability of irradiated adults of A. obligua
was assessed by placing 50 pupae from each treatment
(24 h before adult emergence) into a paper ring approxi-
mately 5.0 cm in diameter x 0.5 cm, centered in a Petri
dish measuring 10.0 cm in diameter, coated with filter
paper. A black plastic tube measuring 12.0 cm in diam-
eter x 12.0 cm in height was attached to the interior
of the Petri dish. The inner part of the tube was coated
with unscented talcum powder, approximately 1.0 cm
above the bottom of the tube. Talcum powder was used
to prevent flies from escaping by walking away. The
black tubes were placed on a table in an enclosed and
controlled environment room.

After emergence, the fruit flies were stimulated to
fly while keeping the lights on. After 72 hours, the indi-
viduals (deformed, non-emerged, flying and non-flying
flies) remaining (dead and/or alive) in the tubes were
recorded to assess the percentage of flies that were not
able to fly (FAO, 2003, 2014). The rate of flying flies (%)
was calculated using the formula: {100 x [total pupae
- (non-flying flies + non-viable pupae + deformed flies
+ partially emerged flies)] / total pupae}. Five replicates
were performed per treatment.

Survival under stress for irradiated Anastrepha
obliqua

For each treatment (doses of 0, 40, 50, 60, 70 and
80 Gy), the survival of adults under stress conditions
was determined by the confinement of 10 males and 10
females, newly emerged, into 500 mL plastic pots with-
out food and water. Flies were kept in a controlled envi-
ronment room (25 + 1 °C, 65 + 5 % RH and photope-
riod of 10:14 [L:D] h). Survival was recorded at 72 and
96 h. Five replicates were performed per treatment in
time with pupae from the three different cohorts.

Effect of radiation on ovaries and testicles of
Anastrepha obliqua

To evaluate the effect of radiation on gonadal devel-
opment, 20 males and females for each dose were sepa-
rated after emergence in individual cages and kept virgin
for 9 days. After this period, the flies were decapitated
and dissected in a saline solution (0.85 % NaCl solution).
Testicles and ovaries were measured to evaluate the ef-
fects of irradiation on the development of these organs.

After removal of the reproductive system using
magnification lenses (10x to 30x) and extra fine-tipped
tweezers, the testicles and ovaries were transferred to a
clean microscope slide and examined as whole mounts
through a digital micrometer coupled to a stereoscopic
microscope. The length (mm) and width (mm) of each
testicle and ovary were measured with a scale (40 tes-
ticles and 40 ovaries per treatment).
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Statistical analysis

The analyses were performed by the statistical
program SAS (Statistical Analysis System, version 9.1).
For statistical analysis of sterility, Probit regression fol-
lowing Sokal & Rohlf (1981) was performed. The results
of sex ratio, emergence, longevity under stress, flying
ability and, for the testicles and ovaries, measurements
were submitted to a one-way analysis of variance F-test
at 5 % significance (ANOVA) and Tukey's honestly sig-
nificant difference (HSD) test (@ = 5 %) was applied to
compare the means, when a significant difference was
found. The Bartlett and Shapiro-Wilk tests were per-
formed to verify the homoscedasticity assumptions and
the normality of the errors, respectively.

Results

None of the dosimetry results differed at the 5 %
level from the target dose. The overall 95 % confidence
interval for doses measured by the Fricke dosimeters
was + 2.8 %. The target dose values were, therefore,
used throughout the analyses.

The dose that resulted in greater sterilization of
males was 80 Gy (99.7 % sterility). No eggs were pro-
duced in the treatments where non-irradiated males
were crossed with irradiated females. The fecundity of
A. obliqua irradiated males crossed with non-irradiated
females is shown in Table 1 (F,,; = 0.91, p = 0.4939,
CV. =98%; F ,k =3.10; p = 0.17, respectively|. The
fertility of males irradiated with 80 Gy was only 0.31 +
0.12 %, while in the control the mean egg hatch was 66
+ 0.46 %. According to the probit regression obtained
for the irradiated males (Figure 1), the dose required
inducing 99 % sterility (D ) in A. obliqgua males was
estimated at 55.4 Gy, with upper and lower confidence
limits (95 %) estimated at 87.03 Gy and 35.3 Gy, re-
spectively. The D, for instance, was estimated at 32.6
Gy (95 % confidence interval = 10.4 - 101.8 Gy) and
the D, was 43.6 Gy (95 % confidence interval = 22.01
- 86.5 Gy).

The percentage of fly emergence and sex ratio of
A. obliqua were not affected by the doses of radiation

Table 1 — Mean fecundity and sterility (+ SE) of Anastrepha obliqua
irradiated with different doses of gamma radiation at the pupal
stage, 24 h before adult emergence.

Doses Total number of eggs collected Fecundity

Gy number of eggs/ day /@
0 2620 52.4 + 9.10

40 2891 57.8 £ 12.74

50 3158 63.1 + 9.25

60 2196 439 + 7.42

70 3229 64.5 + 11.69

80 2122 42.4 + 3.96

ANOVA*

F.,=0.9;p=05; CV.= 9.9
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(F,,, = 2.11, p = 0.09, C.V. = 3.4 %; F,, = 0.49, p
= 0.77, C.V. = 5.3 %, respectively) (Table 2). These
results indicate that up to 80 Gy, the radiation did not
negatively affect these quality control parameters un-
der laboratory conditions.

Table 3 shows the mean values of male and fe-
male survival under stress and percentage of fliers. The
mean survival under stress of A. obligua males and fe-
males from irradiated pupae (24 h before emergence)
was not affected by the different doses after 72 h (F,
= 048, p = 0.7871, C.V. = 6.4 %; F ,, = 1.38, p =
0.2683, C.V. = 9.5 % for males and females, respec-
tively). After 96 h, all the flies died in all treatments.

Significant differences were observed in flying abil-
ity (F;,, = 3.19, p = 0.02, C.V. = 2.6 %) (Table 3). The
insects irradiated with the dose of 40 Gy had a higher
percentage of fliers, differing from the insects that were
exposed to the highest dose of gamma radiation (80 Gy).

The effects of gamma radiation on the length and
width of testicles and ovaries of A. obligua are present-
ed in Table 4, Figure 2 and Figure 3. The length and
width of the ovaries from the flies irradiated with 40
Gy or higher did not differ significantly between them,
but they differed significantly from the means of the
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Figure 1 — Linear regression of Probit transformed sterility on log
dose for males of Anastrepha obliqua irradiated as pupae 24 h
before adult emergence.

Table 2 — Means (+ SE) of emergence of flies and sex ratio of
Anastrepha obliqua irradiated with different doses of gamma
radiation at the pupal stage, 24 h before adult emergence.

Doses Fly Emergence Sex Ratio

Gy % Q/3+Q

0 91.2+1.36 0.47 = 0.07
40 96.0 + 0.89 0.45 = 0.07
50 94.0 = 0.89 0.46 = 0.04
60 90.4 + 2.32 0.43 £0.08
70 94.0 + 1.67 0.45 £ 0.05
80 92.4 +0.75 0.40 £ 0.10

. F.o=2.11; p=0.09; F...=0.49;p=0.77;

OO 27, = 338 55V, = 528

*Mean fecundity values did not differ significantly (ANOVA; p > 0.05).
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*Means (+ SE) in the columns did not differ significantly (ANOVA; p > 0.05).
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Table 3 - Mean survival (+ SE) under stress of males and females after 72 h and flight ability of Anastrepha obliqua irradiated with different doses
of gamma radiation at the pupal stage, 24 h before adult emergence.
Mean survival = SE (%)

Treatment 3 o Flying flies

Gy % %

0 50 + 4.47 a* 66 + 7.48 a 70.0 + 3.03 ab

40 52+7.35a 52+4.90a 76.4 +2.48 a

50 50+ 3.16 a 50+ 4.47 a 70.8 £ 1.62 ab

60 56 +5.10a 56 +6.0a 724 £ 1.33 ab

70 46 +5.10a 42 + 8.60 a 69.2 + 1.85 ab

80 46 +5.10a 46 +5.10 a 65.6 + 0.98 b

ANOVA F.,=048, p=0.78;CV.=6.4 Foq=1.38;p=0.26; CV. = 9.5 Fepo=3.19; p=0.02; C.V. = 2.62

*Means (+ SE) followed by the same letters in the columns do not differ significantly by Tukey's test (p > 0.05).

Table 4 — Mean length and width (mm) of testicles and ovaries of 9 day old Anastrepha obliqua submitted to different doses of gamma radiation.
Testicles Ovaries

Treatment Mean lenght = SE Mean width = SE Mean lenght + SE Mean width = SE

Gy mm

0 0.784 + 0.017 a* 0.304 + 0.006 2.016 + 0.038 a 1.317 0,048 a
40 0.683 £ 0.017 b 0.249 = 0.004 b 0.688 + 0.016 b 0.301 0.008 b
50 0.720  0.020 ab 0.264 + 0.006 b 0.652 + 0.017 be 0.299 = 0.007 b
60 0.718 = 0.020 ab 0.255 = 0.005 b 0.694 + 0.016 b 0.302 = 0.006 b
70 0.692 + 0.015 b 0.253 = 0.004 b 0.657 = 0.017 be 0.308 + 0.006 b
80 0.718 = 0.022 ab 0.264 = 0.005 b 0.606 + 0.020 0.299 = 0.019 b
ANovA Foss= 3.23; p = 0.007; Fop= 1648 p< 107 F, = 483.96; p < 107, 22s= 53L40; p < 107

CV.= 6.74 CV.= 248 CV. = 11.55 CV.=17.85

*Means (+ SE) followed by the same letters in the columns do not differ significantly by Tukey's test (p > 0.05).

Figure 2 — Comparison in ovarian development of Anastrepha obliqua (9 days-old) irradiated as pupae with different doses of gamma radiation.

Control

Figure 3 — Comparison in testicle development of Anastrepha obliqua (9 days-old) irradiated as pupae with different doses of gamma radiation.

Sci. Agric. v.77, n.1, e20170253, 2020 4



Costa et al.

control group (length: F, s = 483.96, p < 0.001, C.V.
= 11.5 %; width: F_,,;, = 531.40, p < 0.001, C.V. =
17.8 %). Testicular development was also affected by
irradiation, but less pronounced than the ovaries. The
length and the width of most of the irradiated testicles
were significantly lower than in the control (F
3.23; p = 0.007; C.V. = 6.7 %; F
C.V. = 2.5 %).

5235

= 16.48; p < 0.001;

5,235

Discussion

Rearing conditions and standardized quality con-
trol are essential to guaranteeing the success and ap-
plicability of SIT programs (Calkins and Parker, 2005;
Hendrichs et al., 2002; Parker, 2005; Rull et al., 2012).
In this context, the sterilization process and mainte-
nance of accurate quality control in all steps are fun-
damental to maintaining the performance of the ster-
ile males in the field (Caceres et al., 2014; Rull et al.,
2012).

In studies referring to sterility in males of the
genus Anastrepha, the sterilization dose differs with
respect to species. For example, Walder and Calkins
(1992) found that 50 Gy caused total sterility in A. sus-
pensa (Loew). Rull et al. (2007) reported that doses of
40-80 Gy provoked 95 % sterility in A. ludens (Loew).
Allinghi et al. (2007) and Mastrangelo et al. (2010) ob-
served that doses higher than 35-40 Gy can induce 99
% sterility in A. fraterculus (Wiedemann). According to
Toledo (1993) the radiation dose of 80 Gy caused 100
% of sterility on wild A. obligua collected on infested
Mexican mombin fruit (Spondias mombin L.).

In the case of A. obliqgua, many studies have found
that increasing doses of radiation can negatively affect
a number of its quality parameters (Gallardo-Ortiz et
al., 2018; Rull et al., 2012; Toledo et al., 2004}, which is
inconvenient for SIT application. As male competitive-
ness can be affected by the doses required to attain full
sterility (Fisher, 1997), Toledo et al. (2004) suggested
that the radiation doses for A. obligua should be be-
tween 50 and 75 Gy. These authors also observed a
decreasing trend in adult flying ability and an increas-
ing trend in adult mortality at doses greater than 25 Gy.

High radiation doses also reduced the number of
flying adults and increased the number of non-emerged
pupae in the study performed by Rull et al. (2012), but
no differences in tests of survival under stress were
detected during their experiments. Recently, Gallardo-
Ortiz et al. (2018) verified that males irradiated with
60 Gy were 98 % sterile but achieved more matings
than those irradiated at 70 or 80 Gy. In the later study,
dispersal and survival patterns were similar among the
doses of 60, 70 and 80 Gy.

Genetic differences within a species can affect in-
sect radiosensitivity (Bakri et al., 2005a) and could help
to explain part of the variation in results obtained by dif-
ferent authors. Further studies, however, are necessary
to confirm this for different populations of A. obliqua.
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The range of doses tested in this study reduced
the fertility of males to less than 3 % (i.e., sterility
induction higher than 97 %), with an estimated D,
at 55.4 Gy. In our study gamma radiation did not af-
fect negatively fly emergence, sex ratio and surviv-
al under stress. However, the dose of 80 Gy had a
lower percentage of fliers than the 40 Gy treatment,
which is in agreement with the results from Rull et
al. (2012).

Therefore, considering the results from the pres-
ent and previous studies, the dose of 60 Gy could be
proposed as the best compromise between insect qual-
ity and sterility for the A. obligua strain tested. The
mean values for emergence and flying ability obtained
at this dose are in accordance with the minimum ac-
ceptable values for this species (73 % and 61 % re-
spectively), according to the FAO/TAEA/USDA (2003,
2014).

Irradiation of the insects in the pupal stage af-
fects the development of both the male and female re-
productive organs and most fruit fly species are irradi-
ated at the late pupal stage (Bakri et al., 2005a), which
must receive an appropriate dose for complete female
sterilization, since female flies are also released when
bisexual strains are used. Furthermore, the differenc-
es in ovary size can be used to differentiate sterile
flies from fertile (non-irradiated) in certain species
(Guillen-Aguilar et al., 2016). In this study, the ovaries
of the irradiated females (9 days old) showed signifi-
cantly less length and width than those of the control
treatment, but there was no difference between the
doses evaluated (Figure 2).

Females are more radiosensitive than males for
most tephritid species (Bakri et al., 2005a, b) and the
results obtained here showed that, irrespective of the
dose used (between 40 and 80 Gy), the irradiation
completely inhibited the reproductive development of
the females, which did not present eggs in the ovaries.
Similar results of ovarian atrophy were found by Na-
tion (1974) and Walder and Calkins (1992) in A. sus-
pensa. On the other hand, the results showed that the
irradiation had the least obvious effect on testes, but
affected especially width in comparison to the control
(Figure 3). According to Lépez-Guillén et al. (2008),
the gamma radiation at a dose of 80 Gy affected the
release of volatiles by laboratory-reared males of A.
obligua, which may affect their sexual activity and
should be further investigated.

In general, quality control is essential to ensur-
ing the success of a SIT program. However, as cited
by Rull et al. (2012), certain parameters provide less
informative guidance on fly performance. According
to Cayol (2000), laboratory quality control tests are
insufficient for accurately determining sterile male
competitiveness. Therefore, further tests should be
performed involving sterile male competitiveness and
behavior for Brazilian populations of A. obligua both
in the laboratory as well as in field cages.
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Conclusion

It was possible to observe that the gamma radia-
tion doses tested did not significantly affect the emer-
gence, sex ratio nor survival under stress of a Brazilian
population of Anastrepha obliqua. In its turn, as the dos-
es increased, the gamma radiation affected the fertility
of both males and females.

Irradiation of A. obligua pupae 24 h before adult
emergence at doses higher than 40 Gy resulted in ovar-
ian atrophy in females, which were unable to lay eggs.
In males, the testicles were less affected by increasing
the radiation doses. As the atrophied ovaries are easily
distinguished from non-irradiated ovaries after 9 days of
adult life, the ovarian dissection technique could even
be used to confirm the sterility of trapped females that
are not adequately marked, a technique which has al-
ready been applied to the medfly (Guillen-Aguilar et al.,
2016).
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