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Abstract

Radiation is considered as a promising insect pest control strategy for minimizing postharvest yield losses. Among
various techniques, irradiation is a method of choice as it induces lethal biochemical or molecular changes that
cause a downstream cascade of abrupt physiological abnormalities at the cellular level. In this study, we evaluated
the effect of ®°Co-y radiation on various developmental stages of Zeugodacus cucurbitae Coquillett and subsequent
carry-over effects on the progeny. For this purpose, we treated eggs with 30- and 50-Gy radiation doses of ®°Co-y.We
found that radiation significantly affected cellular antioxidants, insect morphology, and gene expression profiles.
Our results indicate that in response to various doses of irradiation reactive oxygen species, catalase, peroxidase,
and superoxide dismutase activities were increased along with a significant increase in the malondialdehyde (MDA)
content. We observed higher mortality rates during the pupal stage of the insects that hatched from irradiated
eggs (50 Gy). Furthermore, the life span of the adults was reduced in response to 50 Gy radiation. The negative
effects carried over to the next generation were marked by significantly lower fecundity in the F, generation of
the irradiation groups as compared to control. The radiation induced morphological abnormalities at the pupal, as
well as the adult, stages. Furthermore, variations in the gene expression following irradiation are discussed. Taken

together, our results signify the utility of ®*Co-y radiation for fruit fly postharvest management.
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Over 250 different fruits and vegetables are known to be infested
by fruit flies. They are transported as eggs, larvae, or pupae hidden
inside fruits, vegetables, and other food packages (Louzeiro et al.
2021). The distribution of Zeugodacus cucurbitae Coquillett, espe-
cially on its main hosts, cucumber (Cucumis sativus), watermelon
(Citrullus lanatus), and pumpkin (Cucurbita pepo), is primarily
across subequatorial Africa, Mauritius, India, Ceylon, Southeast Asia,
Japan, and Guam (Ronald et al. 2007, Hu et al. 2008). In China, it is
mainly distributed across Hainan, Jiangsu, Yunnan, Fujian, Taiwan,
Henan, Shanxi, Gansu provinces, and several other localities (Huang
et al. 2020). Among several factors that contribute to the success of
Fruit as one of the most economically important pests throughout
the world is primarily due to their ability to spread rapidly under
favorable environmental conditions. The infestation of fruit flies has
led to the disruption of the import and export of food and other
agricultural products (Huang et al. 2020). The Consultative Group
on International Agricultural Research (CGIAR) proposed a dose of

gamma radiation of 150 Gy for fruit flies and 300 Gy for other in-
sects (Follett and Chemistry 2004). However, subsequent work has
shown that the effective doses of radiation may vary among spe-
cies. For example, 232 Gy is recommended for oriental fruit moths
(Grapholita molesta) (Hallman 2004), whereas a dose of 100 Gy has
been shown to provide a high level of quarantine security against
Ceratitis capitata, by preventing adult emergence (Torres-Rivera and
Hallman 2007).

Radiation exposure induces sub-lethal biochemical or molecular
effects that cause a downstream cascade of abnormal physiological
changes. Insects being eukaryotic organisms have developed a so-
phisticated and complex enzymatic and no-enzymatic antioxidant
defence system to prevent damage by reactive oxygen species (ROS)
(Felton et al. 1995, Yang et al. 2010). Several antioxidant enzymes
prevent damage to cellular organelles, protein and DNA by oxida-
tive detoxification (Felton et al. 1995, Salehi et al. 2020). The most
important antioxidant enzymes in insects include the catalase (CAT),
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superoxide dismutase (SOD), peroxidase (POD), glutathione per-
oxidase (GPX), and glutathione S-transferase (GST) (Felton et al.
1995, Wang et al. 2001, Dubovskiy et al. 2008). The SOD catalyzes
the dismutation of superoxide anions (O*") into hydrogen peroxide
(H,0,) and oxygen (O,), and both CAT and POD convert H,O, into
water and oxygen.

Significant changes in the expression of several genes have been
observed in adult insects following treatment with sterilizing doses
of radiation at the pupal stage (Chang et al. 2015). Following X-ray
irradiation of B. dorsalis pupae, significant variations in the accu-
mulation of some proteins were observed. These include as many as
26 different proteins in males and 31 different proteins in females.
These encode the glyceraldehyde-3-phosphate dehydrogenase,
fructose-bisphosphate aldolase, larval cuticle protein 2, sarcoplasmic
calcium-binding protein alpha-B and A chains, general odorant-
binding protein 99b, polyubiquitin, and protein disulfide-isomerase
and other key proteins that are impacted by radiation. These proteins
act in central energy generating and in pheromone-signal processing
pathways. Variations in the accumulation of these proteins contrib-
uted to an overall reduction in mating ability and survival (Chang
et al. 2015). More recently, in 2018, Li et al. investigated the effects
of 200 Gy 60Co-y radiation on the regulation of antioxidant en-
zymes of Plutella xylostella. They reported a significant increase in
the expression of SOD and catalase (CAT) enzymes with a significant
decrease in peroxidase and glutathione S-transferase (GST) enzymes.
In addition, they also reported a 2-fold increase in the accumulation
of heat shock protein HSP70, along with a significant increase in
the accumulation of testis lactate dehydrogenase (LDH) and acid
phosphatase (ACP) proteins in male adults, thereby affecting repro-
duction and survival (Li et al. 2018). These findings indicate sig-
nificant effects of radiation on various protein levels in the insect
body. Radiation-induced morphological abnormalities in insects are
common. Tungjitwitayakul et al. (2019) reported that UV-C radi-
ation during the pupal stage affects morphological changes of wings
in Tribolium casteneum along with a decrease in adult emergence
and insect body mass, and changes in elytra and hind wings such
as wrinkled or split elytra and improper folding of hind wings. In
another recent paper, Tanaka et al. (2020) describe the morpho-
logical abnormalities observed in lepidopteran insects following
the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident in
Japan. They report shrinkage of appendages and aberration of wings
as a result of radiation exposure. In addition, it is critical to under-
stand the currently unknown effects of radiation on insect morph-
ology (such as variations in size of elytra, hindwings, and wing
shape), physiology, and behavior.

The aims of this study were 1) to assess the physiological effects
of radiation and variations in the antioxidant enzyme activity in dif-
ferent life stages of Z. cucurbitae, 2) to study the effects of radiation
on the midgut cells of Z. cucurbitae, and 3) to determine the changes
in expression of oxidative stress-related genes.

Materials and Methods

Insect Rearing

Zeugodacus cucurbitae was reared under laboratory conditions
(temperature: 24 = 1°C; photoperiod (L:D): 14:10 h; humidity:
50 = 5%) in the insectary of the School of Plant Protection, Hainan
University. Cucumber slices were placed in Petri dishes inside adult
fruit fly cages to collect eggs. Adult flies were fed with a mixture of
sugar and yeast in a ratio of 3:1. Pupae in a Petri dish were placed in
45 x 45 x 50 cm cages for adult emergence (Ahmad et al. 2021). After
hatching, the first instar from the control and irradiated treatments

was given an artificial diet consisting of wheat bran (80 g), inactive
dry yeast (16 g), sugar (32 g), agar powder (16 g), water (1000 ml),
and 3.7 % formalin (HCHO) (10 ml) (Somogyi et al. 2007).

80Co-y Radiation

For experimental purposes, eggs of approximately 25 h old were
irradiated with ®°Co-y at the following doses, under free oxygen at
a rate of 1.0 Gy/min: 0 Gy (control), 30 Gy, and 50 Gy (Cai et al.
2018). The experiments were performed in six biological repli-
cates and each replicate comprised 100 eggs in a single glass Petri
dish size 100 mm diameter and 15 mm height. The eggs were first
covered with a wet filter paper to avoid desiccation and damage to
the eggs, as well as facilitate better hatching. Effects of the radiation
on the first, second, and third instar, pupae, and adults were assessed
through visual observations. The assessment was done every second
day, until the adults reached sexual maturity and continued until the
emergence. Three of the six replicates were used for collecting data
on parameters (egg hatching, development time duration, F1 gener-
ation fecundity test, and mortality).

Determination of Antioxidant Enzyme Activities

The antioxidant enzyme activity was determined using specific en-
zyme extraction kits following the manufacturer’s recommended
protocols (Solarbio Life Sciences, Beijing), with slight modifications.
Three replicates was performed where in a single replicate 10 larvae
of the first, second, and third instars, as well as five 2-d-old pupae
were randomly selected from the control and irradiated treatments
and washed with distilled water. After washing, enzymes from the
pupae and larvae were extracted using the kit for each activity ac-
cording to the manufacturer’s instructions. First, the samples were
homogenized in an extra solution of the CAT enzyme kit. The hom-
ogenized samples were then centrifuged at 8000 rpm for 10 min at
4°C, and the supernatant was used for determining antioxidant en-
zyme activity. Enzyme concentrations were calculated in accordance
with the method described in Bradford (1976), utilizing serum al-
bumin as the standard.

CAT activity was calculated using a spectrophotometer at a
wavelength of 240 nm following the procedure of a previously re-
ported method (Sezer and Ozalp 2015). H,O,/mg of protein in every
second was considered as one unit of CAT activity. CAT activity was
described as U/mg protein.

For POD activity, the spectrophotometer was fixed at a wave-
length of 470 nm following the protocol of a previously published
method (Wang et al. 2013). POD activity was expressed as U/mg
protein.

SOD activity was evaluated at a wavelength of 560 nm for 30 s
after the addition of xanthine oxidase as start reagent and 3 min
after reaction as duplicate samples following the method described
in Tian et al. (2013). One unit of SOD activity was expressed as ‘the
amount of enzyme required to inhibit half of the xanthine and xan-
thine oxidase reaction for 1 mg protein extract’. SOD activity was
expressed as U/mg protein.

Determination of ROS

Ten larvae of the first, second, and third instars, along with five 2-d-
old pupae were randomly selected and washed with distilled water.
The samples were homogenized in an extra solution of the CAT en-
zyme kit according to the company’s instruction. The homogenates
were centrifuged at 3000 rpm/min for 5 min at 25°C, and the resultant
supernatant was used for the colorimetric quantitative determin-
ation of diffused ROS. The common probe 2/, 7-dichlorofluorescein
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diacetate was used to detect ROS after incubation of the resultant
supernatant (190 pl) diluted with working solution (10 pl) in the
presence of 1 mM 2, 7’-dichlorofluorescein diacetate fluorescent dye
in the dark at 37°C for 30 min. ROS was measured with a Tecan
Infinite M200 microplate reader (Minnedorf, Switzerland) using ex-
citation at 485 nm and emission at 535 nm (Zhang et al. 2019).

Determination of MDA Contents

MDA content was measured according to the instructions of the
kits’ manufacturers (Solabrio life sciences, Beijing). A 1-ml portion
of a 0.1% tricholoroacetic acid (TCA) solution was added to a 0.1-g
sample of flies, and the mixture was centrifuged at 12,500 rpm for
20 min at 5°C. A 0.5-ml portion of the supernatant was then with-
drawn and a 1-ml portion of 0.5% thiobarbituric acid (TBA) in
20% TCA was added, before the solution was incubated at 98°C
for 30 min. The absorbance at 532 and 600 nm was then measured
using a spectrophotometer.

Irradiation of Z. cucurbitae Eggs

About 1-h-old eggs were first incubated for 25 h. Then these eggs
were irradiated at 30 and 50 Gy. A sample of 100 eggs kept on a wet
filter paper inside a Petri dish was used to determine the hatching
percentage for each treatment. At 23 h, the number of un-hatched
eggs was recorded under a dissecting microscope. Hatching per-
centage post-treatment was recorded for at least three replicates of
each treatment. Next, we evaluated the quality of the Z. cucurbitae
raised from the irradiated eggs, from their first-instar stage until their
adult stage. During each stage, the mortality rate was recorded until
adult emergence. The flies emergence percentage was calculated at
each stage, as the number of emerged (normal plus deformed flies)
divided by 100* total number. Insect development time at each stage
was evaluated throughout the experiment. To ascertain the fecundity
test of the F1 generation, sexually mature 10 male and 20 female flies
were kept in adults rearing cages performing three replicates for each
treatment and control group and were allowed to mate. Number of
eggs laid and hatched were counted for five consecutive days.

Midgut Observation viaTransmission Electron
Microscopy (TEM)

The midgut was extracted from 20 larvae (third instar), both from
the treated and control groups, and visualized under the light micro-
scope. For the TEM examinations, midguts were embedded in 4%
agar and fixed in 2.5% glutaraldehyde at 4°C for 4 h. The fixed
specimens were treated with 1% OsO, for 2 h after washing with
0.1 M sodium-phosphate buffer (PB). After 2 h, the samples were
again washed with 0.1 M PB and serially dehydrated with ethanol.
Finally, the samples were embedded in Epon and cut into approxi-
mately 2-pm thick semi-thin sections. Samples were stained in ur-
anyl acetate and lead citrate and the midguts were examined with a
transmission electron microscope (JEM-1010, JEOL, Tokyo, Japan)
at 100 kV accelerating voltage (Zhang et al. 2019).

Quantitative Real-Time PCR

For real-time PCR analysis, pupal RNA samples were analyzed. Total
RNA was extracted from five pupae performing three replicates with
a TRIzol RNA Reagent kit (Thermo Scientific, MA, USA). The 3.0-
pl samples of RNA were reverse transcribed into ¢cDNA using the
Prime Script TM RT reagent kit with gDNA Eraser (Perfect Real
Time). Primers Premier 3.0 was used to design the primers (Supp
Table S1 [online only]). The SYBRr Premix Ex TaqTM II, 1.0 ul of

¢DNA, and 0.5 pl of primers were mixed and amplified in a Bio-Rad
iQS real-time PCR detection system (Bio-Rad, Hercules, CA, USA).
The relative expressions of the genes of treated and untreated sam-
ples were calculated by normalization via t-score of the endogenous
reference gene EFal. The expression values were normalized based
on the 27%*“ method (Chen and Wagner 2012).

Statistical Analysis

All data were statistically analyzed using two-way analysis of vari-
ance (ANOVA) with Tukey’s test to measure the significant differ-
ences between each different group. All the data were quantified
using two-way ANOVA with a 0.05 level of significance (95% confi-
dence interval) using GraphPad Prism 8.01 for Windows (GraphPad
Software, San Diego, CA, USA).

Results

Effects of Radiation on Catalase Activity

Treatment of Z. cucurbitae eggs with doses (both 30 and 50 Gy)
of ®*Co-vy radiation led to significant alteration of CAT activity in
larval and pupal stages (Fig. 1a). Radiation doses significantly in-
duce the CAT activity compared to the control group. The highest
CAT activity was observed at the second-instar post-irradiation with
50-Gy doses, whereas at 30-Gy doses, the highest CAT activity was
recorded at the third instar compared to the control group (Fig. 1a).

Effects of Radiation on Superoxide Dismutase

Radiation induced SOD radicals in Z. cucurbitae at different instars
and pupae, and this SOD activity was probably induced as a response
to increased ROS generation. Thus, SOD activity in larval stage and
pupae was altered in eggs of Z. cucurbitae irradiated with 30 and
50 Gy. Additionally, SOD activity was substantially increased in the
second instar that received a radiation dose, regardless of amount, as
shown in Fig. 1b. Based on the following results, irradiation greatly
induced the activity of SOD in larvae and pupae. The highest SOD
activity was observed at the second instar for both the radiation
doses 30 and 50 Gy compared to the control group (Fig. 1b).

Effects of Radiation on Cellular Peroxides

POD activity in larval and pupal stages changed after eggs of
Z. cucurbitae were irradiated with 30 Gy and 50 Gy (Fig. 1c). Results
showed that irradiation greatly induced the activity of POD in larvae
and pupae. The highest significant POD activity was observed at the
second instar with both radiation doses 30 and 50 Gy followed by
the third instar and pupae compared to the control group (Fig. 1c).

Effects of Radiation on Cellular ROS Levels

The results of this study further indicated that ROS activity was
significantly induced by radiation doses of 30 and 50 Gy in Z.
cucurbitae larvae and pupae (Fig. 1d). ROS activity in larvae and
pupae was significantly increased in Z. cucurbitae that were irradi-
ated with 30 and 50 Gy (Fig. 1d). For both the radiation doses, the
highest ROS activity were observed at the second instar followed
by the first instar and third instar compared to the control group

(Fig. 1d).

Effects of Radiation on MDA Content

MDA activity in larvae and pupae changed after eggs of Z. cucurbitae
were irradiated with 30 and 50 Gy (Fig. 1le). Significant induction
of MDA content was recorded at both radiation doses 30 and 50
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Fig. 1. Effects of ®Co-y irradiation on (a) CAT, (b) SOD, (c) POD, (d) ROS activity, and (e) MDA content of Z. cucurbitae larval stages and pupae at different
radiation doses. The values are presented as the mean + SD. Treatments were compared using two-way ANOVA (Tukey’s test, P < 0.05) with a 0.05 level of
significance (95% confidence interval). The symbol (**) represents P < 0.05, (ns) non-significance.

Gy compared to the control group. The highest MDA content was
induced at the second instar followed by the first instar and third

instar.

Effects of Radiation on Various Life Parameters of

Z. cucurbitae

Results indicated that ®°Co-y radiation had no significant effect on
the hatching of eggs (Fig. 2a). The egg hatching percentages ranged
from 84 to 96% in the control group and from 80 to 89 % in the
other treatment groups.

The mortality of flies at different stages during their life cycle
is shown in Fig. 2b. Egg irradiation showed a tendency to increase
the mortality at the highest radiation level (50 Gy) at pupal stage
approximately (40 %). During the early life stages of Z. cucurbitae,
the mortality rates for both females and males hatched from eggs
treated with 50 and 30 Gy were higher than that in the control.
A significantly increased rate of mortality was recorded during the
pupal stage, in which most of the pupae died and turned black or
malformed. The mortality rate at the pupal stage was more than
40% higher for flies treated with 50 Gy, as compared to that of
the control group. Also significant mortality was recorded for both
the radiation doses, as shown in Fig. 2b. Notably, radiation had no
significant effect on the development time except for 50 Gy dose at
adult stage compared to the non-irradited flies of Z. cucurbitae (Fig.
2c¢). Fertility test was carried out after the irradiated insects were
reared until adulthood and then were allowed for mating. Fertility
test for five consecutive days with three biological replicates was re-
corded. The F, fecundity has been significantly decreased for all days
when parental generation was exposed to the 50 Gy radiation dose
(Fig. 2d).

Effects of Irradiation on Morphological Features of

Z. cucurbitae

Radiation resulted in significantly higher mortality at the pupal-
adult stage. Due to both radiation doses, most of the adults failed to
shed their old cuticle and died before the normal emergence, and the
old cuticle was found attached to their abdomen and did not com-
pletely transition into the adult stage. Both male and female pupae
were found to be dead and malformed for both the radiation doses
compared to the non-irradiated group (Fig. 3).

Effects of Radiation on Z. cucurbitae Midgut Cells

The ultrastructural observations of midgut cells of Z. cucurbitae
larvae showed that the mitochondrial structure and microvilli were
damaged (Fig. 4A and B). The ROS activity has been significantly
increased in larval stages following exposure to the 30 and 50 Gy
irradiations, which might affect the mitochondrial structure and
microvilli in Z. cucurbitae.

0Co-y Radiation Induces in Expression of
Apoptosis-Related Genes

To determine the effect of ®*Co-y radiation at the transcriptional
level, the expression of seven apoptosis related genes was meas-
ured by RT-qPCR. Among these seven genes, six were significantly
upregulated in flies treated with 50 and 30 Gy compared to those
in the control (non-irradiated flies), with the exception of SOD-3,
which did not differ significantly between the control flies and the
30 Gy (Fig. 5). Pxd expression was significantly downregulated at
the 30 and 50 Gy dose compared to that in the control group but the
changes are statistically not significant (Fig. 5).
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Fig. 3. Malformation caused by °°Co-y radiation in pupal-adult stage of
Zeugodacus cucurbitae after eggs were exposed to 30 and 50 Gy of %°Co-y
gamma radiation. The arrow shows that flies were failed to shed their old
cuticle and were attached with their abdomen.

Discussion

Phytosanitary irradiation is the use of ionizing radiation on agri-
cultural commodities, such as fruits and vegetables to inactivate in-
sect pests. The use of this strategy is increasing globally and is now

considered a promising pest control measure. In this context, this
study was devised to look for the physiological effects of radiation
and variations in the antioxidant enzyme activity in different life
stages of Z. cucurbitae, and to study the effects of radiation on the
midgut cells of Z. cucurbitae and to determine the changes in expres-
sion of oxidative stress-related genes.

Our results indicate that radiation could induce the expression
of oxidative stress—related genes SOD, CAT, and POD, as well as
activate and coordinate with the antioxidants system to counteract
the oxidative stress produced by the maximum production of ROS
inside the cells. The expression of SOD3 and caspase-3 was signifi-
cantly upregulated in the irradiated group as well, which may be
because of mitochondria and microvilli impairment and damage,
and their subsequent involvement in apoptosis. The oxidative stress
index was systematically examined to further confirm the hypoth-
esis, wherein, SOD, CAT, and POD activities were significantly in-
creased in different stages of Z. cucurbitae after irradiation. In
addition, generally with a low amount of ROS stress, the defense
enzyme system increases the activities of enzymes; but, after irradi-
ation, a large amount of ROS was generated and exceeded the range
of tolerance of the organisms, resulting in a thorough inhibition of
enzyme activities. Our findings indicated that ®*Co radiation caused
cell death and we concluded that the midgut cells had been subjected
to high oxidative stress. In addition, a significant increase of MDA
content was recorded in all stages of Z. cucurbitae treated with both
30 and 50 Gy, as compared to that of the control group, an indica-
tion of oxidative damage.

The CAT enzyme(s) protect the cells from oxidative stress and in-
creases the life span of insects (Stadtman 1986). In the current study,
CAT activity increased dramatically (Fig. 1a) and additionally, there
was a significant increase in POD activity across all analyzed devel-
opmental stages of Z. cucurbitae after eggs were irradiated with 30
and 50 Gy. Previous studies reported that irradiation increased SOD,
CAT, and POD activities to reduce the oxidative stress in Helicoverpa
armigera adults (Meng et al. 2009). Moreover, enhanced production
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Control (0 Gy)

Treatment (50 Gy)

Fig. 4. Ultrastructural observations of midgut cells of Z. cucurbitae larvae. (A) Observation of the structure of the mitochondria. Magnification: 8000x; scale:
2 um. (B) Observation of the structure of the microvilli (MV). Magnification: 5000x; scale: 4 um.
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Fig. 5. Expression levels of seven oxidative stress related genes: Cu/ZnSOD
(SOD1), Cu/ZnSOD (SOD2), MnSOD (SOD3), catalase (CAT), peroxidase
(Pxd), peroxidase-4 (Pxt), and caspase-3 in the pupal stage of Z. cucurbitae
after ®°Co-y radiation. The values are presented as the mean = SD. Gene
expression was compared using two-way ANOVA (Tukey’s test, P < 0.05)
with a 0.05 level of significance (95% confidence interval). The symbol (**)
represents P < 0.05, (ns) non-significance.

of ROS in response to **Co-y irradiation may result in the induction
of antioxidant enzymes.

The increased activities of SOD, CAT, POD, and MDA under
®0Co-y irradiation might be a defense against oxidative damage
owing to ROS accumulation. In previous studies, it was observed
that after irradiation, MDA levels were significantly increased in all
organs of rats (John et al. 2001). This is consistent with our results,
because we found significantly increased MDA content in all larval
stages, as well as pupae, of radiation-treated Z. cucurbitae. A ra-
diation treatment of 50 Gy decreased the viability of egg hatching
when the irradiated eggs were reared until adulthood and were

allowed for mating; the fertility test shows that irradiation reduced
significantly eggs laying and hatching for both the radiation doses
compared to the non-irradiated group. Further, due to the radiation,
highest mortality was observed 40% at pupal adult stage, where the
flies failed to shed their old cuticle and were found attached to their
abdomen (Fig. 2b). Radiation directly affects insect behavior, bio-
chemistry, and developmental physiology as it significantly increases
oxidative stress (Gunn 1998, Mackerness et al. 1999, Mazza et al.
2002). Results of this study confirmed that radiation causes cell
damage, which leads to induced DNA damage in organisms via the
production of DNA lesions, such as cyclobutane pyrimidine dim-
mers (CPD) and 6,4-photoproducts or 6,4-pyrimidine-pyrimidones
(Sinha et al. 2002, Cadet and Wagner 2013, Douki et al. 2017). The
accretion of these DNA lesions inhibits transcription and replication
of DNA due to a malformed double-helix structure, which ultim-
ately causes death (Murata and Osakabe 2017).

The morphological and biochemical malformation was observed
in this study when eggs were irradiated with 30 and 50 Gy doses,
which may be directly linked to a higher production of ROS that
caused mitochondrial damage and led to cell death. Indeed, under
various types of stress, such as ®*Co-y radiation, ROS levels may
augment dramatically and result in oxidative stress (Meng et al.
2009, Nikoli¢ et al. 2015). Thus, the radiation doses reported in this
study can be considered to be useful in the context of phytosanitary
treatments of fruit commodities to be exported to some country/
zone free of fruit fly pests. In our study, it was observed for the first
time that the protective enzymes in the fruit fly, Z. cucurbitae, are
affected when exposed to radiation, and thus, antioxidants may play
a crucial role in maintaining the integrity of the body. Therefore, we
assert that irradiation treatments have severe effects on Z. cucurbitae
which can be used as a mass storage and transportation of agricul-
tural products.
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Conclusion

In conclusion, the results of this study provide important insight
into the mass rearing and phytosanitary management against Z.
cucurbitae and highlight that a radiation dose of 30 and 50 Gy is
the most effective against the melon fly. Additionally, ROS activity
significantly increased in all studied stages of Z. cucurbitae, and sub-
sequently, antioxidant enzyme activities and their genes’ expression
also significantly increased, thereby confirming our hypothesis that
the induction of antioxidant enzyme activities caused the overpro-
duction of ROS. Thus, the radiation doses reported in this study can
be considered to be useful in the context of phytosanitary treatments
of fruit commodities to be exported to some country/zone free of
fruit fly pests. However, the interaction between antioxidant activ-
ities and mRNA expression of antioxidant enzymes, along with the
factors leading to the differential gene expression or regulation of
antioxidant enzyme genes, is still need to be elaborated and further
research on this area is needed.
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