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Radiation dose-rate is a neglected
critical parameter in dose-response
of insects
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Reproductive sterility is the basis of the sterile insect technique (SIT) and essential for its success in
the field. Numerous factors that influence dose-response in insects have been identified. However,
historically the radiation dose administered has been considered a constant. Efforts aiming to
standardize protocols for mosquito irradiation found that, despite carefully controlling many
variable factors, there was still an unknown element responsible for differences in expected sterility
levels of insects irradiated with the same dose and handling protocols. Thus, together with previous
inconclusive investigations, the question arose whether dose really equals dose in terms of biological
response, no matter the rate at which the dose is administered. Interestingly, the dose rate effects
studied in human nuclear medicine indicated that dose rate could alter dose-response in mammalian
cells. Here, we conducted experiments to better understand the interaction of dose and dose rate

to assess the effects in irradiated mosquitoes. Our findings suggest that not only does dose rate
alter irradiation-induced effects, but that the interaction is not linear and may change with dose.

We speculate that the recombination of reactive oxygen species (ROS) in treatments with moderate
to high dose rates might minimize indirect radiation-induced effects in mosquitoes and decrease
sterility levels, unless dose along with its direct effects is increased. Together with further studies to
identify an optimum match of dose and dose rate, these results could assist in the development of
improved methods for the production of high-quality sterile mosquitoes to enhance the efficiency of
SIT programs.

For the application of the sterile insect technique SIT?, insect species targeted for control such as disease-trans-
mitting mosquitoes are mass-reared in a factory. The harmless mosquito males are then separated from blood-
sucking females. Subsequently, the male mosquitoes are irradiated with X or gamma radiation to render them
reproductively sterile by causing germ-cell chromosome fragmentation that leads to dominant lethal mutations,
resulting in imbalanced gametes, the inhibition of mitosis and the ultimate death of the embryo? These sterile
males are then transported and released into the area in which the wild populations of the target vector are to
be suppressed or eliminated. This strategy, involving sustained sterile male releases, aims to induce sterility in
the target insect population and to reduce its density with each generation without affecting the environment
and other non-target organisms'. For sterile males to succeed in the field, they need to maintain physical quality
despite major stressors such as artificial rearing conditions, handling, and radiation exposure. Particularly chal-
lenging is the irradiation process where the goal is reliably to achieve near to total sterility whilst keeping the level
of off-target, somatic damage as low as possible. Understanding the mosquito’s radiation biology and factors that
may alter dose-response is crucial to develop standardized irradiation protocols to produce high-quality sterile
males. In particular, an acceptable level of consistency in dose-response data is a prerequisite. In this paper, we
assess the long neglected topic of dose rate as a variable in insect irradiation, and its implications in the use of
nuclear techniques as a method of insect “birth control”. Improving irradiation techniques will contribute to the
control of disease vector populations that are responsible for spreading potentially fatal illnesses such as malaria,
dengue fever, yellow fever, Zika, and many other arboviruses>*.
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Therefore, the question remains whether dose-response changes with the dose rate at which a target dose
is administered? The answer can be different depending on the scientific background of the person asked and
depending on the angle from which this topic is observed. An entomologist who uses ionizing radiation to
sterilize insects for the SIT is likely to be of the opinion that dose-response remains the same, no matter the dose
rate®. This would make the total absorbed dose the only factor that matters®, which is in line with the ‘one-hit’
ionizing event hypothesis’. On the contrary, a radiotherapist in oncology could tell you that the dose does not
equal dose in terms of biological effects, and dose rate does have a significant impact on irradiation outcome®'4.
There are many applications of irradiation, all with different goals and desired outcomes. The big difference in
these fields of research is the magnitude of the radiation doses that are being applied. Generally, the more complex
an organism, the more radiosensitive it is. A human exposed to doses exceeding 10 Gy (10 Sv) will very likely
die’. Patients undergoing radiotherapy receive doses fractioned into 1-2 Gy at the target site (e.g., a tumor) per
treatment, depending on the tissue treated. Insects, however, are very diverse and can tolerate doses of up to
600 Gy, such as some moth (Lepidoptera) species that not only survive such doses but remain partially fertile'.

During the last decades, numerous irradiation studies in mosquitoes including some recent research on
mosquito SIT have reported widely divergent dose-response results for the same species'’. Several factors that
affect dose-response in mosquito species currently targeted by the SIT (namely Anopheles arabiensis, Aedes
aegypti, and Ae. albopictus) have been investigated at the Insect Pest Control Laboratory IPCL of the Joint FAO/
IAEA Centre of Nuclear Techniques in Food and Agriculture, such as handling methods, life stage, pupal age,
strain origin, ambient temperature, and atmosphere during irradiation'®'®. However, additional factors that affect
dose response are suspected and require further scrutiny. Dose rate effects have been investigated only sporadi-
cally in historic publications, and the topic has mostly been neglected in area-wide integrated pest management
programmes that include an SIT component.

Importance of dose rate. Some studies are available, investigating dose rate effects on lethality?*~?, insect
quality®>*-%*, and sterility?*-*® but the results have largely been contradictory.

There are on the one hand a series of studies that showed higher damage with higher dose rates when applying
a high total absorbed dose. Gonen and Calderon®® found that dose rates of 110 Gy min™' administered to males of
the cacao moth Ephestia cautella induced greater sterility than 28 Gy min™! with total absorbed doses of 200, 300,
and 400 Gy. A similar trend was observed in the sawtoothed grain beetle Oryzaephilus surinamensis®'. A study by
Haverty and Ware?” indicated that mortality of the pink bollworm Pectinophora gossypiella increased as the dose
rate increased. Jeffries and Banham?® demonstrated that increasing dose rate administered to the sawtoothed
grain beetle, the confused flour beetle Tribolium confusum, and the wheat weevil Sitophilus granarius increased
detrimental biological effects. Other dose rate dependent negative effects were shown in all life stages of the
bruchid beetle Callosobruchus maculatus®, in food storage pests?' and in the codling moth Cydia pomonella**.

Other studies, however, did not corroborate the above results. Ernawan et al.?®> assessed a series of dose rates
in Aedes aegypti, but besides affecting some quality parameters such as longevity and mating competitiveness,
there was no difference in induced sterility. La Chance’ argued that the induced sterility at a given dose should be
the same no matter the dose rate, and Hooper?”*! found no relationship between dose rate and induced sterility,
nor insect quality in two fruit fly species. Subsequently, Collins et al.’, tested a dose of 70-75 Gy at increasing
dose rates of 5, 7, 26, 57, and 80 Gy min™! on the sterility in the Queensland fruit fly Bactrocera tryoni to settle
the question of whether dose rate affects dose-response and found no effects on sterility or insect quality. Since
the Collins et al. study, the topic has been placed on the backburner and very little has been reported since.

There is, to date, compelling data for and against the one-hit ionizing event hypothesis from an entomological
standpoint. This does not imply that one or the other studies may be flawed. However, the studies may have only
uncovered pieces of the whole dose rate/dose-response picture. Other factors may influence the degree of dose
rate effects. Although hypotheses surround the mechanisms, there has been no research questioning a possible
relationship between dose, dose rate, and their combined effects on dose-response. In this study, an attempt
was made to control all or most variable factors, including dose rate and dose using attenuators and multiple
irradiators (of the same make and model), to investigate the effects of dose rate and define the relationship, if
any, between dose, dose rate and induced sterlity, and to uncover the missing pieces to the question “does dose
equal dose”.

Materials and methods

Biological material. The Ae. aegypti strain originated from field collections in Juazeiro, (Bahia), Brazil

and was transferred to the IPCL from the insectary of Biofabrica Moscamed, Juazeiro, Brazil in 2016. The Aedes

strains have been maintained following the “Guidelines for Routine Colony Maintenance of Aedes mosquitoes™.
The Dongola strain of An. arabiensis, originating from Dongola, Northern State, Sudan, was donated by

the Tropical Medical Research Institute, Khartoum, Sudan in 2010 and maintained at the IPCL following the

Anopheline mass rearing guidelines®.

Radiation sources and dosimetry. Three Nordion Gammacell 220 (GC 220) irradiators were used with
initial dose rates of 1.1, 4.3, and 84 Gy min™". In addition, the dose rate of the 84 Gy min™" irradiator was attenu-
ated with a set of attenuators to 8.3, 26.3, and 38.3 Gy min™'. During the experiments the dose rates of each
source decayed and the values were noted in each experiment.

Calculation of dose rates and dosimetry. Dose rates for each of the three GC220s were assessed and verified
using a Farmer type 0.18 cm® free air ionization chamber (10X6-0.18, RadCal Corporation, Monrovia, CA. USA)
in conjunction with a digitizer and electrometer (AccuDose Model 9660A) as a reference dosimetry system to
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measure the dose rate and accumulated dose at a designated reference position. The ion chamber system was
calibrated by the John Perry Laboratory (St George’s University Hospital Trust, London) with traceability to the
National Physical Laboratory with a calibration factor of 1.0 and uncertainty of 3.3% (k=2) in the energy range
40-1250 keV.

The irradiation field in the GC220 irradiation chamber has previously been mapped**. The samples in this
study were placed in the center of the chamber, and in the center of a petri dish within a 2 cm diameter ring. The
variation of dose rate within the sample was less than 1%.

The dosimetry system used to verify the dose received by the batches was based on Gafchromic HD-V2 and
MD-V3 film (Ashland Advanced Materials, Bridgewater NJ, USA) following the protocol of IAEA. Three films
of either HD film (for doses > 50 Gy) or MD film (for <50 Gy) were packed in aluminium envelopes to protect
them from moisture (Aluminum Laminate Detector Pouch FWT-81, Far West Technologies Inc., Goleta, CA,
USA) and placed directly above and below the pupae samples. The temperature near the sample and films was
measured before and after radiation exposure. Films were read with an optical density reader (DoseReader4,
RadGen Ltd, Budapest, Hungary) after 24 h of development.

Experiment 1: high dose rate vs. low dose rate (2 species, 2 doses, 2 dose rates).  Sample prepa-
ration and irradiation. Pupae of Ae. aegypti (aged 44-48 h) and An. arabiensis (aged 20-24 h) were collected
and were batched into 3 repetitions of 30 individuals per species, per treatment. Radiation treatments were per-
formed in normoxia, in Petri dishes surrounded by a 4 mm PMMA tube, in either a high activity Gammacell 220
with a dose rate of 84 Gy min ™', or in a low activity Gammacell 220 with a dose rate of 1.005 Gy min™". The pupae
were contained within a 2 cm diameter ring in the center of the petri dish. Two doses were selected according to
the expected dose needed for intermediate sterility and high sterility (>98%): for Ae. aegypti these were 40 Gy
and 110 Gy, and for An. arabiensis, 90 Gy and 130 Gy. Control pupae were handled identically but were not ir-
radiated. Two biological repetitions each with 3 technical repetitions were performed.

Assessment of induced sterility. Following irradiation, males were placed in 15x15x15 cm Bugdorm cages
(MegaView Science Co. Ltd., Taichung 40762, Taiwan) for emergence. 30 virgin females (of the same age) were
added to each cage and were allowed to mate for 2 nights, before being bloodfed with fresh porcine blood (Aedes)
or defrosted bovine blood (Anopheles) on 2 consecutive days and were then allowed to oviposit. Egg papers from
Ae. aegypti were collected, matured (slow-dried over 4 days) and stored for 10 days before hatching. The An. ara-
biensis eggs were collected and hatched the same day. The total number of eggs, (hatched- and un-hatched eggs)
were counted for each treatment group using a stereomicroscope to derive the hatch rate. Non hatched eggs
were dissected to ensure fertility status. The residual fertility (RF) was calculated as a percentage of the control
fertility of each treatment group (RF=HR,/HR, x 100). Induced sterility (IS) was calculated by subtracting the
RF from 100%.

Experiment 2: dose rate response curve (1 species, 1 dose, 6 dose rates). Sample preparation and
irradiation. Pupae aged 44-48 h of Ae. aegypti were irradiated as described in the previous section “Experi-
ment 17 All samples were irradiated simultaneously; shorter exposures were performed in the high dose rate
GC220 during the longer ones in the low dose rate GC220s. Two biological repetitions each with 3 technical
repetitions were performed. The following dose rates were used to irradiate all samples with 20 Gy: 1.1, 4.3, 8.3
26.3, 38.3, and 84 Gy min'. Induced sterility was assessed as described in the previous section “Experiment 1”.

Experiment 3: Interaction between dose and dose rate (4 doses x5 dose rates). Sample prepa-
ration and irradiation. Pupae aged 44-48 h of Ae. aegypti were irradiated as described in the previous section
“Experiment 1”. All samples (each with 30 pupae) were irradiated within a given time span; shorter exposures
were performed in the high dose rate GC220 during the longer ones in the two low dose rate GC220 irradiators.
Three biological repetitions, each with 3 technical repetitions, were performed. The following doses and dose
rates were used for the irradiation of samples: 10, 20, 40, 70 Gy and 0.4, 1, 7.8, 24.5, 79 Gy min™", respectively.
These dose rates were used due to the availability of gamma sources, and 50%, 70% and 90% attenuators. Induced
sterility was assessed as described in the previous section “Experiment 1”.

Proof of principle: survey on sterilization doses used in SIT projects against Aedes spp. To
identify possible reasons for the differences reported in the dose needed to achieve sterility in mosquitoes, a
survey was conducted in several mosquito SIT research groups in several countries to see what variable factors
may account for these differences. The survey included information regarding the biological factors, handling
protocols, irradiator type used, characteristics such as the radiation source, and dose rate.

Statistics. All analyses were performed in R language version 3.2.1%°. High vs. low dose rate data: General-
ized linear mixed models (glmer function in Ime4 package) were used with radiation dose rate and dose consid-
ered as fixed factors and cage (replicates) as a random factor. The full models were checked for overdispersion
(using Bolker’s function) and for normality and homogeneity of variances on the residuals. The models were
simplified using the stepwise removal of terms, followed by likelihood ratio tests (LRTs). Term removals that
significantly reduced explanatory power (p <0.05) were retained in the minimal adequate model. The significant
interactions were analyzed using the emmeans function (in package emmeans).
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Dose rate response curve: egg hatch rate data were corrected to induced sterility related to the mean control
natural sterility and compared between treatments using analysis of variance (ANOVA) and Tukey’s post hoc
tests.

A Generalized linear mixed model fit by maximum likelihood was used to analyze the hatch rate data
(response variable), using the log of the dose and the hatch rate as fixed effects, and the repeats and technical
replicates as random factors®>*. Dose rate was used either as a numeric factor or grouped in clusters of similar
effect on the hatch rate to account for the non-linear relationship between hatch rate and dose rate. Two group-
ings were tested, either [0.4; 1; 7.8 Gy min~! or more] or [0.4-1; 7.8; 24.5 Gy min™" or more]. The best model was
selected based on the lowest corrected Akaike information criterion (AICc). The likelihood ratio test was used
to ascertain the significance of the fixed effects. The R* (coefficient of determination) between the observed and
predicted values was used to describe the proportion of variance explained by the selected model®®.

Student ¢-test was used to compare lowest and highest dose rate effects (DRE) by dose after fertility data was
checked for normality and was log transformed.

Results and discussion

Experiment 1: low dose rate achieved greater sterility than high dose rate at highdoses.  Three
self-contained Co® gamma-ray irradiators of the same make (Gammacell 220, Nordion Inc., Canada, hereafter
called GC220) were used for this experiment with dose rates of 84.07 Gy min™?, 4.02 Gy min! and 1.03 Gy
min~". First, we assessed the effects of high dose rate (84 Gy min™!) versus low dose rate (1 Gy min™!) at two
nominal doses (40 Gy and 110 Gy for the mosquito Ae. aegypti and 90 Gy and 130 Gy for the mosquito An. ara-
biensis). Irradiated males were mated to untreated females to measure induced sterility in the eggs laid by these
females (see M&M for details).

For both species, the low dose rate yielded higher levels of sterility (Supplementary Table S1). In Ae. aegypti,
a dose of 40 Gy at the high dose rate induced 88.9% sterility, compared to 93.4% following exposure at the low
dose rate (P=0.02). A dose of 110 Gy induced near complete sterility at both dose rates, with only 1 and 2 larvae
hatching in one of the 6 repetitions from low dose rate and high dose rate treatments, respectively, and thus
could not be compared in a meaningful manner. In An. arabiensis, 90 Gy induced 69.6% sterility at the high dose
rate, and 87.6% at the low dose rate (P =0.002). A dose of 130 Gy at the low dose rate achieved complete sterility,
while the same dose at the high dose rate only reached 77.0% of induced sterility (IS) (P <0.05). The differences
in the IS following the two treatments was more pronounced in An. arabiensis.

The results of this simple experiment were clear, though contradictory to previous reports*>?*>?$-30_ The low
dose rate had a higher impact on the reproductive biology in both species, with higher sterility levels achieved
for both medium and high doses (targeting sterility levels of 75% and near 100%). These results were contrary to
what was expected based on previously published reports in the literature (cited above), i.e. dose rate effects in
insects were generally found to be enhanced as dose rate increases, or the study of Ernawan et al.”®, that showed
no dose rate effects on the sterility of Ae. aegypti with a total absorbed dose of 70 Gy. However, they were in line
with the reports on “inverse dose rate effects’, the earliest documented in 1979, in HeLa cells by Mitchell et al.®.

Experiment 2: at a low dose, increasing dose rates increased sterility.  As the two doses tested for
Ae. aegypti induced a very high level of sterility, making it difficult to measure meaningful differences, a lower
dose of 20 Gy was selected that was expected to induce around 50% sterility, and tested against a larger range of
dose rates. Ae. aegypti pupae were used for this experiment and were irradiated in the three available GC220s at
dose rates of 1.1 Gy min™', 4.3 Gy min™!, and 84 Gy min™" and using 50%, 70%, and 90% dose attenuators (actual
attenuation values confirmed as 54.4%, 68.7% and 90.1%), in the high dose rate irradiator, to obtain the follow-
ing 5 dose rates: 1.1, 4.3, 8.3, 26.3, 38.3, and 84 Gy min ™. Results from this assessment showed the opposite of the
previous experiment, with irradiation effects on fertility increasing as dose rate increased (Fig. 1), contradicting
our previous results, but supporting those of historic reports described above.

The conclusion that radiation effects on the insect cells increase as dose rate increases is consistent with several
studies in insects?*-242%304, Damage repair mechanisms may be the underlying factor for direct dose rate effect
occurrence*'~#. The increased sterility caused by increasing dose rates could be a side effect of more indirect
damage through reactive oxygen species (ROS), and/or due to the higher number of chromosome breaks per
exposure, resulting in more broken chromosome ends, which is thought to have an important role in species with
holokinetic chromosomes’. It is possible to estimate radiation-induced DNA damage using the comet assay, and
it has been shown by Shetty et al.* in Ae. aegypti that increasing radiation doses result in increased percentage of
comet tail DNA. It is questionable whether this assay could pick up small differences in DNA breakage patterns
after irradiation at the same dose, but at varying dose rates, but this may be done in future studies.

Experiment 3: dose rate effects are dose-dependent. Finally, a more in-depth study was carried
out to assess potential relationships between dose rate and dose using a series of doses (10, 20, 40, and 70 Gy)
administered at a series of dose rates (1.1, 4.3, 8.3 26.3, 38.3, and 84 Gy min™'), again using the three GC220s
and attenuators.

The results obtained are summarized in Fig. 2a,b and confirm the results of both preliminary studies. At
low doses, radiation effects (observed as a reduction in fertility) increased as dose rate increased. In contrast, at
higher doses, these effects (fertility) decreased as dose rates increased, with a turning point where dose rate effects
reach a plateau before possibly switching to inverse dose rate effects occurring at doses above 30 Gy (Fig. 2a,b).
Absolute differences in fertility levels are also clearly seen when expressed as normalized equivalent deviates,
NED) at the various dose rates relative to 1 Gy min™' (Fig. 2b). This result also explains how all historic reports
on dose rate effects in insects could be coherent.

Scientific Reports |

(2022) 12:6242 | https://doi.org/10.1038/s41598-022-10027-z nature portfolio



www.nature.com/scientificreports/

75

65 4

60 -

Induced sterility (%)

55 A [ J

y=6.185x + 54.343
R?=0.4019179

50 T T T T T
0.5 1.0 1.5 2.0 25

log (dose rate)

Figure 1. Dose rate response plot showing dose rate effects of Ae. aegypti pupae irradiated with 20 Gy on
induced sterility in untreated mated females (P <0.02).

As the interaction of dose and dose rate is non-linear, we attempted to depict the relationship by identifying
the points where the lowest and highest dose rate effect (DRE) (shown as residual fertility) per dose administered
were observed. The results are shown in Supplementary Table S2.

Generally, at lower doses (e.g. 10 and 20 Gy), the DRE increased (sterility increased) as dose rate increased
(Fig. 2a). At higher doses (ex. 40 and 70 Gy), DRE decreased (sterility decreased) as dose rate increased. In other
words, when identifying which dose rates resulted in the most and least effects on fertility with each dose, these
switched when dose increased.

Proof of principle: survey on sterilization doses used in SIT projects against Aedes spp. A
survey was sent to collaborators and colleagues involved in mosquito irradiation and information requested
on irradiation materials and methods. The data indicate that the most obvious difference between SIT projects
was the irradiation devices used, and their dose rates and energies. Figure 3 summarizes this information and
the dose needed to achieve >99% sterility in Aedes mosquito males (regardless of handling methods and other
variable factors that may be present). All data were pooled for Aedes species (Ae. aegypti and Ae. albopictus
although Ae. aegypti is slightly more radioresistant than Ae. albopictus), and for source type (Co®, Cs'*’, and
X-ray) and the doses required for ~ 99% induced sterility were plotted against the dose rate (Fig. 3). Higher doses
were required to achieve the same levels of sterility when dose rates increased, except at the very low dose rate
of 0.3 Gy min™!. Although other external factors such as handling methods, container materials, pupal age etc.
may have also contributed to the differences shown, the data provides a conceptual notion that dose rates play a
role in mosquito sterilization.

This rough U-shaped graph is a familiar picture and has been observed in some older publications. The
viability in the eggs of the rust-red flour beetle (T. castaneum) reduced as dose rate increased, but then viability
increased again at very high dose rates*, giving a V-shaped graph. The authors suggest that the factors that
contribute to an increased viability in the embryos at low dose rates (i.e. repair taking place in the cells) are dif-
ferent than those that increase viability at high dose rates (possibly hypoxia induced by high dose rates providing
some radioprotection)*. Using a hamster model, Vilenchik and Knudson*® reported that mutagenic effects in
somatic and germ cells are generally reduced as dose rate is reduced, showing a direct dose rate effect, but some
cell lines show an inverse dose rate effect at very low dose rates, resulting in a parabolic relationship between
dependence of induced mutations and dose rate. In the codling moth (Cydia pomonella), dose rate effects were
assessed at fixed doses, on larval mortality, pupal mortality, and adult emergence®. For all three parameters, the
relationship between dose rate and biological effects were not linear, with a positive correlation reaching a limit
and then switching to a negative correlation, or vice versa, resulting in U-shaped, or inverted U-shaped graphs.
Ernawan et al.® also observed an increase in longevity as well as mating competitiveness as dose rate increased
up to a certain threshold, but then these quality parameters decreased again as dose rates were increased further.
Although some of these reports insinuated that dose rate had effects partially dependent on dose, the nature of
the relationship was not investigated. What is happening in the observed U-effect? We propose that direct and
indirect dose effects are affected by dose rate, i.e. inverse dose rate effects.

Reactive oxygen species (ROS) can be generated as byproducts of the normal metabolism of oxygen and in
response to environmental stress, among other factors. When organisms are exposed to ionizing radiation, ROS
can be dramatically generated within cells, primarily through the radiolysis of water, which can cause oxidative
stress due to insufficient antioxidative protection, and hence significant damage to DNA and other macromol-
ecules. In our simplistic model (Fig. 4), assuming that radiation dose remains the same, we propose that the
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Figure 2. (a) Interaction of dose and dose rate: a zone with a positive correlation of the two factors (yellow zone:

low doses and increasing dose rates), a negative correlation with inverse dose rate effect (green zone: high doses, with
increasing dose rates) and a zone where there are no effects of dose rate (blue zone: mid-range doses). The best model
predicting the hatch rate used the log of the dose, the dose rate use as a factor in three groups [0.4; 1; 7.8 Gy min™' or
more] and their interaction. It demonstrated that at a low dose, a dose rate of 0.4 Gy min™" or 7.8 or more Gy min™!
was more efficient at reducing hatch rate than a dose rate of 1 Gy min~! (p< 10-3). The opposite was observed when
the dose increased, with a changeover point between 20 and 40 Gy, the dose of 1 Gy min™' becoming the most efficient
at inducing sterility (p<107%). (b) Absolute differences in fertility levels (expressed as normalized equivalent deviates,
NED) at the various dose rates relative to 1 Gy min™".
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Figure 3. Results from the intercountry survey. Dose required for>99% induced sterility at different dose rates,
regardless of all other parameters and source etc. Ae aegypti and Ae albopictus data pooled.
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Figure 4. Illustration of the hypothesis for an indirect radiation effects influenced by dose rate, and the
differential damage/repair mechanism.

higher the dose rate after the threshold, the more ROS-ROS recombination may be observed. The threshold in
our current results, in this particular insect was between 20 and 40 Gy, based on Fig. 2a. After this threshold,
radiation damage is attenuated by ROS-ROS recombination but can increase if direct damage (by increasing
radiation dose) is increased.We base our explanation of the observed inverse dose rate effects on information
found in various oncology references whereby we propose that the indirect effect of irradiation is driven by ROS
production, which was reduced due to ROS recombination at higher doses and at high dose rates. Another argu-
ment, borrowed from the research on FLASH-RT (ultra-high dose rate radiotherapy)*, is that irradiation with
high dose rates reduces ROS production due to a local transient hypoxia'®. Under those circumstances (high
amounts of ROS being generated in a short time interval with the high dose rate), a high level of sterility could
only be achieved by direct effects of irradiation. The increase in sterility could only be achieved by increasing the
dose of radiation, which led to more double-stranded breaks through direct effects of radiation'’.

Additionally, the differential dose response could be due to primary and secondary dose rate effects. Studies
from before 1958 on dose rate effects (mainly with Drosophila sperm) showed that the accumulation of muta-
tions caused by ionizing radiation was independent of dose rate. This general view was altered post 1958 when
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Russel’, and later Phillips*, found fewer mutations in mouse spermatogonia when radiation doses were given at
low dose rates, as compared to high dose rates®. At this stage, the assumption was that either there was a primary
effect of dose rate on the mutation process or secondary effects such as differential killing of cells depending on
their intrinsic sensitivity to mutation induction*’. The theory of a secondary effect was then countered by the
investigations by Russel in mice’, however the possibilities are so numerous that secondary dose rate effects,
although unlikely, cannot be completely dismissed*.

The two main theories to explain a primary dose rate effect on the mutation process itself are that (1) muta-
tions are a multi-hit phenomena (likely two-break chromosomal aberrations) and, therefore, need multiple
radiation events within a limited time, and (2) that mutations are a one-hit event, but the dose rate dictates the
probability of repair of permutational damage within the cells*’. Most reviews are in favor of the second of the
two theories.

The two main mechanisms by which dose rate could affect the repair mechanism are that either there is
greater damage to the repair mechanisms when exposed at high dose rates rather than low dose rates, or there is
a saturation of the repair mechanism capacity, and there is limited time for it to act when the dose rate is high*.

In mice spermatogonia, it was found that the induced mutation rate approaches a lower limit (ca 1/3 of the
maximum value) as the dose rate is reduced from 90 to 0.8 rad min™?, before it reaches a plateau and stays con-
stant as the dose rate is lowered further to 0.001 rad min™'***#%_ In our study, we may also see such a plateau, in
which no dose rate effect is seen before the effects are inversed as the dose rate increases or decreases.

In insects, dose rate effects have been investigated in the silkworm®*°! where two differing effects were
described: in early larval stages, high dose rates produced more mutations than low dose rates (type 1 dose rate
effect), whereas in later larval stages, the opposite was observed (type 2 dose rate effect). It was suggested that
the type 1 effect can be explained by some influence on the repair mechanism (as suggested for the mouse), and
type 2 effects result from selective killing®® or from a more persistent inhibition of repair by lower dose rates™.

An inverse dose rate effect of ionizing radiation has been reported in human cell response studies®>** and it
has been observed in some instances (at higher doses) but not in others (i.e. no dose rate effects in lower doses)
within the same study with heterogeneous cell populations®. One hypothesis explains this effect on the basis
of a “window of sensitivity” in the cell cycle®*?*, in which the effects of irradiation is enhanced as the exposure
time is increased (hence the dose rate is decreased), whereby an enhancement requires “some kind of saturation”
where extra hits to a cell result in less than a proportionate increase in the probability of a damage end point®.
This type of saturation may result in an inverse dose rate effect via a higher incidence of wasted hits during high
dose rate exposures, compared to a lower dose rate®.

Although it is not fully clear what mechanisms drive the dose rate effects in mosquito dose responses in terms
of inducing sterility, there are clues that suggest the existence of a dose rate “region of minimal mutability”*
also in mosquito irradiation, suggesting that there may be a possibility to pair dose rate and dose, to optimize
the response in a way that high levels of sterility and minimal off-target damage can be achieved, producing a
better quality sterile male.

Conclusions

Our findings may now go some way to explain why some SIT researchers require much higher doses than others
to achieve full sterility in the same insect species. Whereas the observed U-shape when pairing dose and dose
rate for radiation sterilization has to be accepted as a reality, the mechanisms behind the dose rate dependent
effects in inducing sterility in insects remain speculative but very intriguing. The observed take-home message,
i.e. there is undoubtedly a dose rate effect when sterilizing mosquitoes and that this effect is dependent on dose,
has also been noted with other insects, such as Lepidoptera. As recently observed in the false codling moth Thau-
matotibia leucotreta programme in South Africa, declining dose rates of a gamma irradiator resulted in lower
sterility levels for a total absorbed dose of 150 Gy (Nevil Boersma, personal communication). This epitomizes
the absolute need in operational SIT programmes to implement routine and periodic quality control in terms of
biological dosimetry when the source of the irradiators in SIT programmes decays over time, or irradiators are
reloaded, the configuration of the irradiation canister is changed in any way that would alter the dose rate, or the
irradiator itself is exchanged, as the target induced sterility may not be achieved as expected. Failing to implement
these quality control measures might result in the release of male insects that are only sub-sterile, which might
prolong the programme unnecessarily or in the worst case, even result in programme failure. However, further
research is necessary to better understand the dose dependent dose rate effects in insects.

Received: 23 September 2021; Accepted: 31 March 2022
Published online: 14 April 2022

References

1. Dyck, V. A,, Hendrichs, J. P. & Robinson, A. S. The sterile insect technique: Principles and practice in area-wide integrated pest
management (Springer, 2005).

2. Klassen, W. & Curtis, C. E. History of the sterile insect technique. In The Sterile Insect Technique: Principles and Practice in Area-
Wide Integrated Pest Management (eds Dyck, V. A. et al.) 1-34 (Springer, 2005).

3. Bouyer, ], Yamada, H., Pereira, R., Bourtzis, K. & Vreysen, M. J. B. Phased conditional approach for mosquito management using
sterile insect technique. Trends Parasitol. 36, 325-336. https://doi.org/10.1016/j.pt.2020.01.004 (2020).

4. WHO and IAEA. TDR | Guidance framework for testing the sterile insect technique as a vector control tool against Aedes-borne
diseases. In: WHO [Internet]. 2020. Available: https://www.who.int/publications/i/item/9789240002371.

5. Collins, S. R., Weldon, C. W,, Banos, C. & Taylor, P. W. Effects of irradiation dose rate on quality and sterility of Queensland fruit
flies, Bactrocera tryoni (Froggatt). JApplEntomol. 132, 398-405 (2008).

Scientific Reports |

(2022) 12:6242 | https://doi.org/10.1038/s41598-022-10027-z nature portfolio


https://doi.org/10.1016/j.pt.2020.01.004
https://www.who.int/publications/i/item/9789240002371

www.nature.com/scientificreports/

11.
12.
13.
14.
15.
16.
17.
18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

. Bakri, A., Mehta, K. & Lance, D. R. Sterilizing insects with ionizing radiation. In The sterile insect technique: principles and practice

in area-wide integrated pest management (eds Dyck, V. A. et al.) 233-268 (Springer, 2005).

. LaChance, L.E. The induction of dominant lethal mutations in insects by ionizing radiation and chemicals-as related to the sterile

male technique of insect control. In: Wright, J. W., & Pal, R., editors. Amsterdam: Elsevier; pp. 617-650 (1967).

. Spitz, D. R,, Buettner, G. R. & Limoli, C. L. Response to letter regarding “An integrated physico-chemical approach for explaining

the differential impact of FLASH versus conventional dose rate irradiation on cancer and normal tissue responses”. Radiother.
Oncol. 139, 64-65 (2019).

. Russell, W. L., Brauch-Russell, L. & Kelly, E. M. Radiation dose rate and mutation frequency. Science 128, 1546-1550 (1958).
. Wilson, J. D., Hammond, E. M., Higgins, G. S. & Petersson, K. Ultra-high dose rate (FLASH) radiotherapy: Silver bullet or fool’s

gold?. Front. Oncol. 9, 1563. https://doi.org/10.3389/fonc.2019.01563 (2020).

Feinendegen, L. E., Booz, J., Bond, V. P. & Sondhaus, C. A. Microdosimetric approach to the analysis of cell responses at low dose
and low dose rate. Radiat. Prot. Dosimet. 13, 299-306 (1985).

Solanki, J. H. et al. Cellular response to exponentially increasing and decreasing dose rates: Implications for treatment planning
in targeted radionuclide therapy. Radiat. Res. 188, 221. https://doi.org/10.1667/RR14766.1 (2017).

Rithm, W. et al. Dose and dose-rate effects of ionizing radiation: A discussion in the light of radiological protection. Radiat. Environ.
Biophys. 54, 379-401. https://doi.org/10.1007/s00411-015-0613-6 (2015).

Paul, S. & Roy, P. K. The effect of stochastic fluctuation in radiation dose-rate on cell survival following fractionated radiation
therapy. Phys. Med. Biol. 57, 1561 (2012).

Radiation Effects on Humans. In: atomicarchive.com [Internet]. 2020 [cited 8 Feb 2022]. Available: https://www.atomicarchive.
com/science/effects/radiation-effects-human.html.

Arthur V. Use of gamma irradiation to control three lepidopteran pests in Brazil. IAEA; 2004. pp. 45-50.

IDIDAS. International Database on Insect Disinfestation and Sterilization. http:/www-ididas.iaea.org/IDIDAS/start.htm (2009).
Yamada, H. et al. Identification of critical factors that significantly affect the dose-response in mosquitoes irradiated as pupae.
Parasites Vectors. 12, 435. https://doi.org/10.1186/s13071-019-3698-y (2019).

Yamada, H. et al. The role of oxygen depletion and subsequent radioprotective effects during irradiation of mosquito pupae in
water. Parasites Vectors. 13, 198. https://doi.org/10.1186/s13071-020-04069-3 (2020).

Pristavko, V.P, & Orgel, G.S. Sensitivity of male and female codling moths to X and gamma radiation with various dose rates.
Ukrainian Scientific Research Inst. of Plant Protection, Kiev (1970).

Jefferies, D. J., & Banham, E. ]. The effect of dose rate on the response of Tribolium confusum Duv., Oryzaephilus surinamensis (L.)
and Sitophilus granarius (L.) to ®°Co gamma radiation. In: Cornwell PB, editor. Entomology of radiation disinfestation of grain.
London: Pergamon Press (1966). pp. 177-185. Available: https://doi.org/10.1016/B978-1-4831-1255-8.50020-3

Hallman, G. J., Levang-Brilz, M., Zettler, J. L. & Winborne, L. C. Factors affecting ionizing radiation phytosanitary treatments, and
implications for research and generic treatments. JEconEntomol. 103, 1950-1963 (2010).

Haverty, M. I. & Ware, G. W. Circadian sensitivity and dosage-rate response to x-irradiation in the pink bollworm. J. Econ. Entomol.
63, 1296-1300. https://doi.org/10.1093/jee/63.4.1296 (1970).

Kumano, N., Kuriwada, T., Shiromoto, K., Haraguchi, D. & Kohama, T. Fractionated irradiation improves the mating performance
of the West Indian sweet potato weevil Euscepes postfasciatus. Agric. For. Entomol. 13, 349-356. https://doi.org/10.1111/j.1461-9563.
2011.00528.x (2011).

Ernawan, B., Tambunan, U.S.E, Sugoro, I., & Sasmita, H.I. Effects of gamma irradiation dose-rate on sterile male Aedes aegypti.
Surabaya, Indonesia; 2017. p. 020010. https://doi.org/10.1063/1.4985401

Nair, K.K. Preliminary studies on the effects of gamma-radiation on housefly pupae with special reference to the critical periods
in relation to the mechanism of emergence. In: IAEA, editor. Radioisotopes and radiation in entomology: proceedings of the
Symposium on Radioisotopes and Radiation in Entomology, Bombay, 5-9 December 1960. Vienna: International Atomic Energy
Agency. pp. 207-211 (1962).

Hooper, G. H. S. Sterilization of Dacus cucumis French (Diptera: Tephritidae) by gamma radiation—I Effect of dose on fertility,
survival and competitiveness. J. Aust. Entomol. Soc. 14, 81-87. https://doi.org/10.1111/j.1440-6055.1975.tb02006.x (1975).
Gonen, M. & Calderon, M. Effects of gamma radiation on Ephestia cautella (WIk) (Lepidoptera, Phycitidae)—III Effect of dose-
rate on male sterility. J. Stored Prod. Res. 9, 105-107. https://doi.org/10.1016/0022-474X(73)90017-9 (1973).

Naharin, A., Calderon, M., & Kott, Y. Effect of dose rate on the radiation sensitivity of the warehouse pest Callosobruchus maculatus
E. In: Schlesinger, T., editor. Proceedings of the Sixth National Conference of the Israel Health Physics Society, 19 December 1971.
Israel Atomic Energy Commission, Tel Aviv; 1971. p. V.

Burditt, A. K., Hungate, F. P. & Toba, H. H. Gamma irradiation: Effect of dose and dose rate on development of mature codling
moth larvae and adult eclosion. Radiat. Phys. Chem. 34, 979-984. https://doi.org/10.1016/1359-0197(89)90338-X (1989).
Hooper, G. H. S. Sterilization of the Mediterranean fruit fly: a review of laboratory data. Proceedings of the Panel on the Applica-
tion of the Sterile Male Technique for the Control of Insects. Vienna, Austria: IAEA; 1970. pp. 3-12.

FAO/IAEA. Guidelines for routine colony maintenance of Aedes mosquito species - Version 1.0. 2017 Dec p. 18. Available: https://
www.iaea.org/resources/manual/guidelines-for-routine-colony-maintenance-of-aedes-mosquito-species-version-10.
FAO/IAEA. Guidelines for standardised mass rearing of Anopheles mosquitoes - Version 1.0. 2017 Dec p. 44. Available: https://
www.iaea.org/resources/manual/guidelines-for-standardised-mass-rearing-of-anopheles-mosquitoes-version-10.

TAEA. Dosimetry system for SIT: manual for Gafchromic® film. Vienna, Austria: IAEA; 2004 pp. 1-46. Available: http://www-
naweb.iaea.org/nafa/ipc-gafchromic-dosimetry-sit.html.

R Core Team. The R Project for Statistical Computing. Vienna, Austria: R Foundation for Statistical Computing; 2017. Available:
https://www.R-project.org/.

Burnham, K. P. & Anderson, D. R. Model selection and multimodel inference: a practical information-theoretic approach 2nd edn.
(Springer Science & Business Media, 2002).

Hurvich, C. M. & Tsai, C.-L. Model selection for extended quasi-likelihood models in small samples. Biometrics 1, 1077-1084
(1995).

Johnson, P. Extension of Nakagawa & Schielzeth’s R2 GLMM to random slopes models. Methods Ecol. Evol. 5, 944-946 (2014).
Mitchell, J. B., Bedford, J. S. & Bailey, S. M. Dose-rate effects on the cell cycle and survival of S3 HeLa and V79 cells. Radiat. Res.
79, 520. https://doi.org/10.2307/3575178 (1979).

Nair, K.K., & Subramanyam, G. Effects of variable dose-rates on radiation damage in the rust-red flour beetle, Tribolium castaneum
Herbst. radiation and radiosioptes applied to insects of agricultural importance: Proceedings of the symposium on the use and
application of radioisotopes and radiation in the control of plant and animals insect pests. Vienna: IAEA. pp. 425-429 (1963).
Evans, H. Chromosome aberrations and target theory 8-40 (Radiation-induced chromosome aberrations. Columbia University
Press, 1963).

Newcombe, H.B. The genetic effects of ionizing radiations. In: Caspari EW, editor. Advances in Genetics. Elsevier; 1971. pp.
239-303. Available: https://linkinghub.elsevier.com/retrieve/pii/S0065266008603600.

Kimball, R. E Repair of premutational damage. Adv. Radiat. Biol. 2, 135-166. https://doi.org/10.1016/B978-1-4832-3121-1.50008-6
(1966).

Shetty, V., Shetty, N. ]., Ananthanarayana, S. R,, Jha, S. K. & Chaubey, R. C. Evaluation of gamma radiation-induced DNA damage
in Aedes aegypti using the comet assay. Toxicol. Ind Health. 33, 930-937. https://doi.org/10.1177/0748233717733599 (2017).

Scientific Reports |

(2022) 12:6242 | https://doi.org/10.1038/s41598-022-10027-z nature portfolio


https://doi.org/10.3389/fonc.2019.01563
https://doi.org/10.1667/RR14766.1
https://doi.org/10.1007/s00411-015-0613-6
https://www.atomicarchive.com/science/effects/radiation-effects-human.html
https://www.atomicarchive.com/science/effects/radiation-effects-human.html
https://doi.org/10.1186/s13071-019-3698-y
https://doi.org/10.1186/s13071-020-04069-3
https://doi.org/10.1016/B978-1-4831-1255-8.50020-3
https://doi.org/10.1093/jee/63.4.1296
https://doi.org/10.1111/j.1461-9563.2011.00528.x
https://doi.org/10.1111/j.1461-9563.2011.00528.x
https://doi.org/10.1063/1.4985401
https://doi.org/10.1111/j.1440-6055.1975.tb02006.x
https://doi.org/10.1016/0022-474X(73)90017-9
https://doi.org/10.1016/1359-0197(89)90338-X
https://www.iaea.org/resources/manual/guidelines-for-routine-colony-maintenance-of-aedes-mosquito-species-version-10
https://www.iaea.org/resources/manual/guidelines-for-routine-colony-maintenance-of-aedes-mosquito-species-version-10
https://www.iaea.org/resources/manual/guidelines-for-standardised-mass-rearing-of-anopheles-mosquitoes-version-10
https://www.iaea.org/resources/manual/guidelines-for-standardised-mass-rearing-of-anopheles-mosquitoes-version-10
http://www-naweb.iaea.org/nafa/ipc-gafchromic-dosimetry-sit.html
http://www-naweb.iaea.org/nafa/ipc-gafchromic-dosimetry-sit.html
https://www.R-project.org/
https://doi.org/10.2307/3575178
https://linkinghub.elsevier.com/retrieve/pii/S0065266008603600
https://doi.org/10.1016/B978-1-4832-3121-1.50008-6
https://doi.org/10.1177/0748233717733599

www.nature.com/scientificreports/

45. Vilenchik, M. M. & Knudson, A. G. Inverse radiation dose-rate effects on somatic and germ-line mutations and DNA damage
rates. PNAS 97, 5381-5386. https://doi.org/10.1073/pnas.090099497 (2000).

46. Favaudon, V. et al. Ultrahigh dose-rate FLASH irradiation increases the differential response between normal and tumor tissue
in mice. Sci. Transl. Med. 6, 1. https://doi.org/10.1126/scitranslmed.3008973 (2014).

47. Phillips, R.]. S. A comparison of mutation induced by acute X and chronic gamma irradiation in mice. Br. J. Radiol. 34, 261-264.
https://doi.org/10.1259/0007-1285-34-400-261 (1961).

48. Russell, W. L. Effect of radiation dose rate on mutation in mice. J. Cell. Comp. Physiol. 58, 183-187. https://doi.org/10.1002/jcp.
1030580419 (1961).

49. Russell, W. The effect of radiation dose rate and fractionation on mutation in mice. In Repair from genetic radiation damage and
differential radiosensitivity in germ cells, Leiden, The Netherlands, Aug 15-19, 1962 (ed. Sobels, F. H.) 205-217 (Pergamon Press,
1963).

50. Tazima, Y., Kondo, S. & Sado, T. Two types of dose-rate dependence of radiation-induced mutation rates in spermatogonia and
odgonia of the silkworm. Genetics 46, 1335 (1961).

51. Tazima, Y. Mechanisms controlling two types of dose-rate dependence of radiation induced mutatuion frequencies in silkworm
gonia. Jpn. J. Genet. 40, 68-82 (1964).

52. Barnard, S. G. R., McCarron, R., Moquet, J., Quinlan, R. & Ainsbury, E. Inverse dose-rate effect of ionising radiation on residual
53BP1 foci in the eye lens. Sci. Rep. 9, 10418. https://doi.org/10.1038/s41598-019-46893-3 (2019).

53. Lorenz, R., Leuner, K., Deubel, W., Géllner, T. & Hempel, K. Normal and reverse dose-rate effect for the induction of mutants in
somatic cells by ionizing radiation. Toxicol. Lett. 67, 353-363. https://doi.org/10.1016/0378-4274(93)90068-9 (1993).

54. Brenner, D.J. & Hall, E. J. The inverse dose-rate effect for oncogenic transformation by neutrons and charged particles: A plausible
interpretation consistent with published data. Int. J. Radiat. Biol. 58, 745-758. https://doi.org/10.1080/09553009014552131 (1990).

55. Brenner, J., Hahnfeldt, P, Amundson, S. A. & Sachs, R. H. Interpretation of inverse dose-rate effects for mutagenesis by sparsely
ionizing radiation. Int. J. Radiat. Biol. 70, 447-458. https://doi.org/10.1080/095530096144923 (1996).

Acknowledgements

This study benefited from discussions during the expert group meeting on “Harmonization of Irradiation and
Dosimetry Protocols for Aedes Invasive Mosquitoes” conducted in February 2018 and May 2019, Vienna, Austria,
funded by the International Atomic Energy Agency (IAEA) under TC project RER5022. We thank following col-
leagues for the provision of data on the dose rates and sterility in their respective SIT programmes used for Fig. 3
of this manuscript: R. Bellini, Centro Agricoltura Ambiente “G. Nicoli”, Italy (IAEA Collaborating Centre); G.
Obra, Philippine Nuclear Research Institute, Philippines; L. C. Gouagna, Institute of Research for Development,
France; C. Tur Lahiguera, TRAGSA, Spain; J. Virginio, Moscamed, Brazil (IAEA Collaborating Center); and D.
Hahn and C. Chen, University of Florida, USA. The work contributed by MFS was supported by the LOEWE
Centre DRUID projects of the Hessian Ministry of Science and Arts and the Emmy Noether Program of the
German Research Foundation SCHE 1833/1-1. We also would like to thank Nuclear Engineering Seibersdorf
GmbH for the possibility to access and use their Gammacells in addition to ours, on numerous occasions with
special thanks to Mr. Michael Gems for his time and assistance.

Author contributions

H.Y. conceptualized the experimental designs for the experiments and drafted the original manuscript. V.D.
contributed significantly to the hypotheses on biological response mechanisms and written content of the original
draft and later versions of the manuscript. A.P. was responsible for the calibration, verification and assessments of
the irradiator and irradiation processes, and contributed to data analyses. C.K. and N.S. provided all live material
following standardized rearing procedures and assisted in data collection. H.Y., H.M. and W.M. carried out the
experiments. ].B., M.V,, M.S. and H.M. contributed to the experimental designs, contributed to data analysis,
carried out the statistical analyses, and contributed to the formulation of hypotheses to explain all results, and
contributed to the later versions of the manuscript. J.B. supervised and supported the project. All authors read
and approved the final manuscript.

Fundin

The resea?ch presented in this paper was partially funded by the USA under the grant to the IAEA entitled
“Surge expansion for the sterile insect technique to control mosquito populations that transmit the Zika virus”
The funders had no role in study design, data collection and analysis, decision to publish or preparation of the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-10027-z.

Correspondence and requests for materials should be addressed to H.Y. or V.S.D.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:6242 | https://doi.org/10.1038/s41598-022-10027-z nature portfolio


https://doi.org/10.1073/pnas.090099497
https://doi.org/10.1126/scitranslmed.3008973
https://doi.org/10.1259/0007-1285-34-400-261
https://doi.org/10.1002/jcp.1030580419
https://doi.org/10.1002/jcp.1030580419
https://doi.org/10.1038/s41598-019-46893-3
https://doi.org/10.1016/0378-4274(93)90068-9
https://doi.org/10.1080/09553009014552131
https://doi.org/10.1080/095530096144923
https://doi.org/10.1038/s41598-022-10027-z
https://doi.org/10.1038/s41598-022-10027-z
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022)12:6242 | https://doi.org/10.1038/s41598-022-10027-z nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Radiation dose-rate is a neglected critical parameter in dose–response of insects
	Importance of dose rate. 
	Materials and methods
	Biological material. 
	Radiation sources and dosimetry. 
	Calculation of dose rates and dosimetry. 

	Experiment 1: high dose rate vs. low dose rate (2 species, 2 doses, 2 dose rates). 
	Sample preparation and irradiation. 
	Assessment of induced sterility. 

	Experiment 2: dose rate response curve (1 species, 1 dose, 6 dose rates). 
	Sample preparation and irradiation. 

	Experiment 3: Interaction between dose and dose rate (4 doses × 5 dose rates). 
	Sample preparation and irradiation. 

	Proof of principle: survey on sterilization doses used in SIT projects against Aedes spp. 
	Statistics. 

	Results and discussion
	Experiment 1: low dose rate achieved greater sterility than high dose rate at high doses. 
	Experiment 2: at a low dose, increasing dose rates increased sterility. 
	Experiment 3: dose rate effects are dose-dependent. 
	Proof of principle: survey on sterilization doses used in SIT projects against Aedes spp. 

	Conclusions
	References
	Acknowledgements


