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Abstract DNA double-strand breaks (DSBs) are one of the most biologically significant
DNA damage lesions. Exposure to ionizing radiation (IR) causes DSBs in living organisms,
which trigger intrinsic DNA repair mechanisms. Phosphorylation of the C-terminal of the core
histone protein H2AX (termed γH2AX when phosphorylated) is an early known response to
DNA DSBs. Quantification of the γH2AX response offers a highly sensitive and specific
assay for detecting DSB formation and repair. Postharvest exposure to IR of 150–400 Gy is
an increasingly prominent phytosanitary measure in a variety of Australian (and imported)
fruit. The radiation-induced γH2AX response has been shown to be highly persistent in the
Queensland fruit fly (“Q-fly”; Bactrocera tryoni), Australia’s most economically damaging
insect pest of horticultural crops, lasting at least 17 days after exposure to IR. The presence of
persistent γH2AX, indicating ongoing repair of impaired DNA, can be used to assess irradiation exposure in fruit flies. A direct and reliable assay using γH2AX as a marker of prior IR
exposure in fruit flies has the potential to facilitate domestic and international trade in commodities that have been irradiated for disinfestation.

11.1

INTRODUCTION

Fruit flies are the most economically damaging insect pest of Australian horticulture. Between
2006 and 2009, the average value of fruit fly susceptible production in Australia was approximately AU$5.3 billion and exports of fruit fly susceptible horticulture products were around
AU$406.9 million (Abdalla et al. 2012; Hyam 2007; Plant Health Australia 2018). The risk of exotic
fruit flies—in the form of eggs, larvae, pupae, or adult—entering and establishing in Australia is
increasing (Abdalla et al. 2012; Hallman 2011; Hallman et al. 2011). Phytosanitary treatments, such
as fumigation and other chemical and physical (e.g., heat, cold) treatments, are commonly used to
disinfest imported and exported commodities of quarantine pests (Hallman 2011; Hallman et al.
2011, 2018). Over the past 40 years, the standard postharvest insect disinfestation chemicals dimethoate and fenthion have provided phytosanitary assurance, but the use of these insecticides has been
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greatly restricted (Richard et al. 2003). Finding alternatives to chemical treatments is necessary to
prevent introduction and establishment of exotic pests in new areas (Hallman 2011).
Ionizing radiation (IR) is a safer alternative than fumigation and other chemical and physical (heat/cold) disinfestation methods (Follett 2009, Follett et al. 2011; Hallman 2011; IAEATECDOC-1427 2004). Numerous countries use IR to disinfest fruit and vegetables from a multitude
of quarantine pests (Richard et al. 2003; Hallman 2011; Hallman et al. 2011), including approximately 30,000 metric tons (and increasing by ~10% each year) of sweet potatoes. Increasing quantities of irradiated tropical fruit, such as mangoes, papayas, litchis, capsicums, and tomatoes, are
now successfully being exported from Australia to New Zealand consumer markets (Lynch 2010;
Lynch and Nalder 2015).
For biosecurity treatments, fresh produce in finished pallet loads is exposed to a minimum
generic dose of 150–400 Gy of IR (e.g., electron beam, X-ray, or gamma ray from cobalt-60) (Follett
2009; Hallman et al. 2011). When IR comes into contact with a cell of a pest insect, it breaks chemical bonds in DNA and other molecules, rendering the insect unable to complete development and to
reproduce, and thus preventing the establishment of viable pest populations. Verifying irradiation
treatment is difficult because quarantine pests are often found alive during inspection in exported
and imported commodities. Currently, the only means of assessing quality of imported and exported
fruit is through quarantine audits and treatment facility certification. For commercial disinfestation,
a regulatory framework exists with the use of generic irradiation doses for a wide range of pest
groups. However, the lack of a reliable test to retrospectively confirm radiation exposure can reduce
market confidence in a situation where live pests are detected in exported and imported fruit and
costs must be incurred to destroy or export the infested consignment.

11.1.1

Can gaMMa-h2ax be used as a bIoMarKer oF phytosanItary radIatIon?

On exposure to IR, DNA double-strand breaks (DSBs) are induced in the nuclei of all living
cells, inducing a DNA repair mechanism characterized by the phosphorylation of the histone
protein H2AX (producing the active form gamma-H2AX [γH2AX]) (Rogakou et al. 1998,
1999). Gamma-H2AX is highly conserved across a wide taxonomic range of organisms and is
a well-characterized histone protein known to be responsive to IR-induced DNA DSBs (Downs
et al. 2000; Foster and Downs 2005; Redon et al. 2002). Gamma-H2AX assay is a standard and
well-established method for biological dosimetry of IR exposure. Quantification of the γH2AX
response has been used widely as a highly sensitive and specific assay in radiation biodosimetry
and cellular radiosensitivity responses during chemotherapy and radiotherapy and to identify
regions of the genome where DSBs fail to repair (Bhogal et al. 2010; Ivashkevich et al. 2012;
Redon et al. 2012). However, the γH2AX test has not yet been exploited as a retrospective test for
identifying the irradiation status of live insects found in exported or imported consignments of
fruit and vegetables.
In the γH2AX assay, the DSB level and corresponding IR dose exposure in the nuclei of cells
are measured either by measuring the overall γH2AX protein level or by counting discrete “foci”
in individual nuclei, which can be visualized and quantified using numerous methods, including
fluorescence microscopy and flow cytometry (Figure 11.1) (Hamasaki et al. 2007; Nakamura et al.
2006; Pilch et al. 2004). Two types of γH2AX foci have been found in cells: the first is transient
γH2AX foci that are associated with rapid DSB repair and dephosphorylation of γH2AX to H2AX,
usually in minutes to hours (Markova et al. 2007, 2011). The second type of γH2AX foci is residual
and tends to persist for days to months (Figure 11.1). The measurement of persistent γH2AX signals has been widely used in many applications in recent years, such as for monitoring cancer
patients’ response to chemotherapy and radiotherapy, radiation biodosimetry, drug biodosimeters,
environmental genotoxicity, and in disease (Siddiqui et al. 2015). A study on mini-pig skin cells
showed that γH2AX was significantly elevated in irradiated cells after 70 days post-IR exposure
(Ahmed et al. 2012). Another study on mouse skin found γH2AX signals up to 7 days post exposure
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FIGURE 11.1 (a) Ionizing radiation (IR) causes DNA double-strand breaks (DSBs) in Q-fly (arrow indicates
γH2AX foci). The number of γH2AX foci represents the number of DSBs. Representative fluorescence image
of human buccal cell nuclei containing discrete or diffuse γH2AX foci. Human buccal cell nuclei were visualized (stained with DAPI) with a fluorescence microscope. (b) Schematic representation of the short-term
kinetics and persistent γH2AX response in relation to DSB repair. The kinetics of DNA DSB repair follows
two phases, a fast phase lasting up to a few hours, which is followed by a slower phase that may persist for several hours to days. On exposure to DNA damaging agents, such as IR, the γH2AX foci appear in the fast phase
within minutes after the DSBs are formed and reach a maximum level after about 30 min. This level then
declines rapidly and corresponds to repair of DNA DSBs. A small portion of γH2AX (above baseline, as indicated by the dashed line) may persist for up to several months (slower phase) after the initial DSB-induction
event and is known as the persistent γH2AX response (as indicated by the bold red arrows). Persistent γH2AX
may represent unrepaired DSBs, which are either in the process of slow ongoing repair or too complex to
repair. (Adapted from Siddiqui, M.S. et al., Mutat. Res-Rev. Mutat. Res., 766, 1–19, 2015.)

and proposed that they may be used as a biodosimeter in accident scenarios (Bhogal et al. 2010).
Linking radiation-induced DNA damage and persistent γH2AX signals is of fundamental importance in establishing a molecular tests capable of detecting and quantifying a prior radiation dose
and the resulting DNA damage. The objective of this short communication is to propose the use
of the γH2AX test for confirming whether fruit fly species of quarantine concern found in irradiated exported and imported consignment have actually been irradiated and to quantify the dose
absorbed.
The proof-of-concept study uses the commercially important pest, Queensland fruit fly (Q-fly;
Bactrocera tryoni [Froggatt]), as a model to test whether irradiation exposure can be measured retrospectively. In Q-fly, IR exposure leads to a persistent γH2AvB response (a fruit fly variant of γH2AX)
for up to 17 days after exposure and can be detected using the γH2AvB test (Siddiqui et al. 2013).
Because H2AvB is conserved for all fruit flies of major quarantine concern in which the histone has
been sequenced (including Ceratitis capitata [Wiedemann], Bactrocera dorsalis [Hendel], Rhagoletis
zephyria Snow, Bactrocera latifrons [Hendel], Bactrocera oleae [Rossi], Zeugodacus cucurbitae [Coquillet]), the γH2AvB test may offer promise in providing rapid, sensitive, and specific detection of prior irradiation exposure to a wide range a fruit flies of market access and biosecurity concern.

11.1.2

potentIal lIMItatIons oF gaMMa-h2avb as a dna daMage
bIoMarKer In FruIt FlIes

Specimen processing challenges: Once fruit fly specimens are acquired, they must be handled during transport and in the laboratory according to rigorously defined and controlled processes to avoid
γH2AvB protein degradation (Valdiglesias et al. 2013).
γH2AvB kinetics differs among species: Persistent γH2AX levels vary in different tissues and
cell types and may be affected by genomic status as well as by the type of DNA-damaging agent.
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The kinetics (e.g., persistent response) of γH2AvB response in different fruit flies is still unknown.
It would be interesting to test whether γH2AvB can be used to assess the kinetics of persistent
γH2AvB responses in diverse fruit flies of quarantine concern (Siddiqui et al. 2015).

11.2

CONCLUSION

Currently, for recipients of shipments, certification by the treatment facility is the only available
assurance of prior irradiation treatment of live pests discovered in imported and exported fruits and
vegetables. A test that directly assesses the dose received by insects in irradiated produce would
improve confidence in commercial irradiation treatments, thus offering potential production and
market access advantages. Because persistent γH2AX responses have been reported in different
cell and tissue types, an assay based on measuring these responses should be investigated for its
potential as a method to detect and quantify prior phytosanitary irradiation exposure. This γH2AX
test may provide producers an advantage by increasing market acceptance of irradiation as a phytosanitation treatment. A key advantage of the test focusing on measuring the persistence of γH2AvB
is that the biomarker has been identified in many insect species and could form the basis of a similar
test in diverse pest insects of quarantine concern. The next steps involve broadening the range of
insects in which γH2AvB can be detected and validating or modifying the γH2AvB test for operational conditions so that it can be incorporated in commercial and quarantine facilities.
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