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Introduction: what does ionizing radiation have to do with insect pest control?

There are thousands of insect pest species on this planet that damage crops and contribute to severe food insecurity and hunger in this world (1). Other insect pests directly affect the health of livestock and humans, by transmitting parasites, bacteria, and viruses, and indirectly through the indiscriminate use of insecticides to manage these pests. These often very harmful chemicals leave residues in air, food, and water, causing significant health problems in humans, killing non-target and beneficial insects, and accelerate the development of insecticide resistance in the target insects and lead to outbreaks of secondary insects pests (2, 3). It is estimated that 3.5 million tons of pesticides were used worldwide in 2020, at a cost of more than 60 billion Euros, and this highlights the need for insect pest control strategies that are more friendly to the environment and hence, more sustainable (4).

In response to the global threat of insect pests and the harmful effects of insecticide use, the sterile insect technique (SIT) was conceptualized as early as the 1930’s. It is a pest control tactic that is attracting more attention in all regions of the world, be it for implementation at small or large scale. The SIT is an autocidal control tactic that requires the mass-rearing of the target pest, their reproductive sterilization using ionizing radiation and sequential release into the target area for the reduction of the population with each generation (5). Of crucial importance is the reproductive sterilization of the male insects as these must retain the ability to seek out and mate with wild females after being released, thereby inhibiting the development of viable offspring. Both high-energy particle and photon beams can be used to sterilize insects. Although particle beams (electrons, protons and neutrons) have been tested, photons (cobalt-60 and less often cesium-137) are more commonly used for insect sterilization. However, X-ray irradiators have become more popular in the last decade, especially for use in smaller, or start-up SIT projects. The reasons are obvious, i.e., irradiation capacity can be established at a lower capital cost, simplified procurement procedures and the absence of safety regulations in the importing country. On the other hand, there is little information available on the long-term reliability (in terms of durability) of X-ray irradiators, an important prerequisite for SIT programs. In addition, concern has been expressed on the relative biological effectiveness (RBE) of X-rays as compared with γ rays to obtain the desired sterility in the irradiated insects, as well as the insect volumes that can be processed, especially for medium sized and larger programs.

A literature search revealed that very few scientific publications are available that describe X irradiation of insects and compare it with γ irradiation. Most of these are very old and precise handling and irradiation protocols are poorly described, if at all. Most of these reports tend in general to prefer X irradiation above γ irradiation in terms of RBE, as in most cases, a lower dose was needed with X-rays as compared with γ rays to achieve the same target sterility. But does this also imply that more somatic damage is induced in the insect overall? During recent studies, the importance of a parameter that was overlooked by nearly all older studies has become obvious, i.e., the significance of dose rate.

In this paper, we summarize the available information on X and γ irradiation for insects, with a focus on mosquito vectors, and discuss the advantages and limitations of both types of irradiation and revisit the importance of dose rate.





What are the differences between X-ray irradiators and gamma-irradiators?

Gamma- and X-rays are both high energy photons with ionization properties, but with different origins. Gamma-rays are emitted as a result of nuclear processes within radioactive isotopes and are all similar in energy (or a few energies), whereas X-rays are principally created by the deceleration of high energy electrons when they strike a target (Bremsstrahlung), which creates a full spectrum of photons from a maximum at the energy of the incident electrons down to zero energy, with few of the high energy photons and increasing numbers with decreasing energy. Both conventional orthovoltage X-ray tubes (150 – 320 kV) and electron beam accelerators (3-7.5 MV) with a suitable target produce X-rays. Several self-shielded X irradiators are manufactured these days, that have sufficient power and processing volume to be suitable for insect irradiation (6–8).

In the past, isotopic irradiators were predominantly used for insect irradiation because of their high initial dose rates, unmatched high reliability and, after installation, requiring only a modest electricity supply to operate (some like the Gamma Cell 220, can even be operated manually, in case of a power cut). Whereas panoramic irradiators have a good dose uniformity, small self-shielded gamma irradiators often have high dose variation within the sample chamber. The higher energy photons of gamma irradiators have greater penetration ability than those of low energy X-irradiators, allowing larger loads to be processed. The most significant drawbacks of gamma irradiators, however, are the security and regulatory requirements of importing and housing high activity radioactive sources. Finally, the high and increasing cost of cobalt-60 make them prohibitively expensive for some insect pest control programs and they require reloading every 5-20 years.

Self-contained X irradiators have the big advantage of no security issues and minimal regulatory requirements. Moreover, they have become less expensive than isotopic irradiators. However, the dose rate is much lower (typically between 3 and 15 Gy/min, and the process volume often smaller than many isotopic irradiators (panoramic gamma irradiators have a processing capacity of several billion insects per week, whereas self-contained X-ray irradiators are currently limited to millions of insects per week). They also require a reliable power supply (often 400 V) with attendant continuing electricity costs and they are complex systems, with the inherent reliability issues that go with complexity. A summary of characteristics of various irradiator types can be found in Table 1.


Table 1 | Summary of typical characteristics of various irradiator types, their advantages and disadvantages.







What is the significance of dose-rate in inducing sterility?

The discrepancies in dose-response that have been observed in different SIT programs with the same insect species and sometimes even with the same irradiators, compelled the initiation of a recent study to better understand the effects of dose rate in mosquito models. The study revealed an interaction between dose rate and dose (9), but remarkably, the relationship proved to be non-linear, making the explanation of the mechanisms and causation of the biological effects very complex. Although the authors attempted a hypothesis to explain the interaction, the study concluded that dose rate is an important but neglected variable in insect irradiation and needs to be taken into account in SIT programs and reported in relevant publications. The data of the Yamada et al. study (9) showed that at higher radiation doses (in the mosquito models used, the threshold was between 30 and 40 Gy), increasing dose rate resulted in a decrease in induced sterility, i.e., a diminished RBE and thus a shift of the dose-response curve to the right. Contrarily, at lower radiation doses (< 30 Gy), increasing dose rates resulted in increased RBE. The study was carried out with Aedes aegypti and Anopheles arabiensis (Dongola strain), and all insects were irradiated under very stable and consistent conditions in several Gamma Cell 220 irradiators, that had dose rates ranging from 0.4 to 79 Gy/min. What has yet to be studied is the extent of off-target effects (somatic damage) following radiation exposure at varying dose rates. Typical dose rates and energies related to different radiation sources are summarized in Table 1.

A detailed review of the historic reports that dealt with irradiation studies of An. arabiensis and taken into account only those that adequately reported dose rate and dosimetry, two clear scenarios support our findings that dose rate is a driving factor in dose-responses in insect sterilization: Figure 1A shows dose-response curves of An. arabiensis (Dongola) irradiated in the same Gamma Cell 220 over a period of 12 years with dose rates of 16, 93, 84 and 74 Gy/min (low activity at the onset, high activity after reloading, and normal decay thereafter). A dose-response curve following X irradiation of the same strain is plotted for comparison and indicates that lower doses were required to reach the same target sterility. However, the X-ray irradiator dose rate is also the lowest in this comparison (Figure 1A, curve [a]). In Figure 1B, dose-response data for Ae. aegypti males irradiated in various X- and gamma irradiators show a decrease in biological effects with increasing dose rates, irrespective of radiation source, clearly indicating that dose rate is a more important factor than source type. Very few reports are published that compare the RBE of X- and γ-radiation directly in the same species, and in which other factors that affect dose response are controlled and accounted for. Even fewer adequately describe irradiator characteristics, especially the dose rate, and report dosimetry. The results of these studies are therefore ambiguous, confusing and questionable.




Figure 1 | (A) Published dose-response curves (induced sterility against log (Dose) for Anopheles arabiensis (Dongola) irradiated with X-rays (Raycell, MK2), compared to γ irradiation with a GC220 with increasing dose rates. [a] (10); [b] (11); [c] (Ntoyi, unpublished data
1
); [d] (9); [e] (9); (B) Dose-response curves of Aedes aegypti irradiated in various irradiators (X and γ) with increasing dose rates. [f] (10); [g] (Juarez, unpublished data
2
); [h] (12); [i] (13); [j] (14); [k] (15).







Discussion: X-ray versus gamma-ray: which is preferred?

From a biological point of view, source type does not seem to influence irradiation outcome as much as dose rate and other potential biological and physical factors that play a role in dose-response (9, 16, 17). The debate should, therefore, not focus on which radiation source is better or worse, but rather be centered on the prerequisite to create awareness that dose rate is a very critical factor in dose-responses for insect sterilization, especially in operational action programs. These SIT programs should incorporate in their quality control protocols regular checks on the dose responses of the insects that are destined for release. Overdosing will reduce the quality of the released insects and underdosing will induce a lower sterility in the target female population. The outcome for both scenarios will be reduced efficiency of the program and success doubtful. This is especially crucial for programs that use gamma irradiators in view of the natural decay of the source and resultant change in dose rate.

The selection of X- or gamma ray will most like be dictated by the type or size of the program, i.e., economics rather than biology. For smaller, start-up programs, and where infrastructure and electricity supplies are suitable and reliable, the cheaper X-ray machines are probably the preferred choice. Industrial, panoramic or larger self-shielded gamma irradiators will remain indispensable for large operational SIT programs that require high output, utter reliability and sustainability.

Other options might become available in the future such as electron beams from linear accelerators. These potential competitors that are on the horizon are currently not commonly used in SIT programs. They are large, complex and expensive machines and the only option currently viable is to purchase the service from a commercial supplier. Smaller, compact accelerators with dose rates more suitable for insect irradiation are under development and the first prototypes might become available on the market in a couple of years. They are likely to still be relatively expensive but may be an alternative option for larger programs.
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