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mtDNA degradation measured using real-time PCR assays. Each assay was
normalized before comparison by calculation of integrity indices relative to
unirradiated controls. Full STR profiles were attainable up to the highest dose,
although DNA degradation was noticeable after 10 and 25 kGy for hydrated and
dehydrated blood, respectively. This was manifested by heterozygote imbalance
more than allele dropout. Degradation was greater for mtDNA than nuDNA, as
well as for hydrated than dehydrated cells, after equivalent doses. Oxidative
effects due to water radiolysis and mitochondrial function are dominant
mechanisms of differential damage to nuDNA versus mtDNA after high-dose
γ-irradiation. While differential DNA damage was reduced by cell desiccation,
its persistence after drying indicates innate differences between nuDNA and
mtDNA radioresistance and/or continued oxidative effects within the
mitochondria. Degradation of mtDNA is more severe after γ-irradiation than
nuDNA; this does not adversely impact on genotyping success of blood
samples up to 50 kGy.
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11 Abstract
12 Forensic genotyping can be impeded by γ-irradiation of biological evidence in the event of radiological crime; that is, criminal
13 activity involving radioactive material. Oxidative effects within the mitochondria of living cells elicits greater damage to
14 mitochondrial DNA (mtDNA) than nuclear DNA (nuDNA) at low doses. This study presents a novel approach for the assessment
15 of nuDNA versus mtDNA damage from a comparison of genotype and quantity data, while exploring likely mechanisms for
16 differential damage after high doses of γ-irradiation. Liquid (hydrated) and dried (dehydrated) whole blood samples were
17 exposed to high doses of γ-radiation (1–50 kilogray, kGy). The GlobalFiler PCR Amplification Kit was used to evaluate short
18 tandem repeat (STR) genotyping efficacy and nuDNA degradation; a comparison was made to mtDNA degradation measured
19 using real-time PCR assays. Each assay was normalized before comparison by calculation of integrity indices relative to
20 unirradiated controls. Full STR profiles were attainable up to the highest dose, although DNA degradation was noticeable after
21 10 and 25 kGy for hydrated and dehydrated blood, respectively. This was manifested by heterozygote imbalance more than allele
22 dropout. Degradation was greater for mtDNA than nuDNA, as well as for hydrated than dehydrated cells, after equivalent doses.
23 Oxidative effects due to water radiolysis and mitochondrial function are dominant mechanisms of differential damage to nuDNA
24 versus mtDNA after high-dose γ-irradiation. While differential DNA damage was reduced by cell desiccation, its persistence
25 after drying indicates innate differences between nuDNA and mtDNA radioresistance and/or continued oxidative effects within
26 the mitochondria. Degradation of mtDNA is more severe after γ-irradiation than nuDNA; this does not adversely impact on
27 genotyping success of blood samples up to 50 kGy.

28 Keywords Degradation . Forensics . γ-Radiation . Genotyping .Mitochondrial DNA . Nuclear DNA

29

30 Introduction

31 High-dose exposure of DNA evidence to γ-radiation may be
32 caused by γ-emitting radionuclides present at a radiological
33 crime. Such crimes involve the abandonment, theft, or traf-
34 ficking of radioactive material and could lead to the

35construction of crude radiological weapons, such as a dirty
36bomb [1]. While such an attack has not yet taken place, ex-
37tremists have previously demonstrated interest in the use of
38such unconventional weaponry [2, 3]. The doses received by a
39forensic sample in such cases may be well beyond several
40kilogray (kGy); dose rates up to 4.6 kGy/h are expected within
41a meter of an unshielded Category 1 cobalt-60 γ-emitter with
42typical activity of 150 terabecquerel (TBq) [4]. Similarly,
43doses of γ-radiation necessary for biological agent decontam-
44ination may be upwards of 10 kGy [5–7]. Due to its high
45probative value, DNA evidence is the most reliable means of
46identification available today, and hencemay be critical for the
47identification of victims or perpetrators of such crimes.
48Genotyping of autosomal ‘length polymorphic’ short tan-
49dem repeats (STRs) is the current standard for forensic iden-
50tity testing [8–10]. This relies on the polymerase chain reac-
51tion (PCR) to facilitate DNA target selection. Ionizing irradi-
52ation of DNA evidence can disrupt the PCR by introducing a
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53 variety of DNA lesions, including base modifications, abasic
54 sites, crosslinkages, and strand breaks [11–13]. These lesions
55 can prevent strand uncoiling, alter primer binding sites, and/or
56 block DNA polymerase during PCR [14, 15]. This results in
57 allelic dropout, particularly for longer amplicons that incur
58 DNA damage lesions with greater frequency [16], following
59 sufficiently high doses (> 10 kGy) of γ-radiation [17, 18].
60 γ-irradiation interacts with DNA constituents via direct
61 ionization events, as well as through secondary oxidative re-
62 actions mediated by reactive oxygen species (ROS). The latter
63 are produced from the radiolysis of cellular water molecules,
64 as well as by mitochondrial hyperfunction of viable cells [11,
65 19–22]. The ‘sequence polymorphic’ hypervariable regions
66 (HVRs) located within the mitochondrial DNA (mtDNA)
67 control region (D-loop) are alternatives to STR genotyping
68 for degraded DNA. They are present in higher copy number
69 than nuclear DNA (nuDNA) and enable identification from
70 maternal lineage, although the discrimination power of
71 multiplexed STRs is unrivalled by HVR sequencing [23,
72 24]. Further, the role of mitochondria in mediating ROS pro-
73 duction subjects mtDNA to greater oxidative damage than
74 nuDNA [25–27]. Mitochondrial content/volume and oxida-
75 tive function may also be upregulated by ionizing radiation
76 exposure [21, 22], where increased mitochondrial volume
77 may lead to more frequent ionization events than the nucleus
78 [28].
79 The aim of this study was to evaluate the degradation of
80 STR genotypes after high doses (1–50 kGy) ofγ-irradiation to
81 both liquid (hydrated) and dried (dehydrated) whole blood
82 samples, as well as the relative impact of γ-irradiation upon
83 nuDNA and mtDNA targets. Integrity indices for mtDNA
84 were determined from the quantity ratios of different sized
85 amplicons targeted by quantitative real-time PCR (qPCR) as-
86 says. Similarly, peak height ratios between STRs of equivalent
87 size to the mtDNA targets were used to provide an index of
88 nuDNA integrity.

89 Methodology

90 DNA samples

91 Whole blood was collected by venipuncture from 10 individ-
92 uals in 4 mLVacutainers (Becton Dickinson, Franklin Lakes,
93 USA) coated with 7.2 mg of dipotassium ethylenediaminetet-
94 raacetic acid (EDTA). Aliquots of 150 μL were transferred
95 into sterile 1.5 mL glass vials with polyethylene push caps
96 (liquid/hydrated samples) or air dried onto sterile glass micro-
97 scope slides (dried/dehydrated samples). A sterile glass cover
98 slip was secured over dried blood flakes with adhesive tape.
99 Blood collection and sample preparation was performed for all
100 samples (including unirradiated controls) the day prior to sam-
101 ple irradiation and stored at 4 °C until irradiation.

102Sample irradiation

103γ-irradiation of whole blood samples was conducted at the
104Australian Nuclear Science and Technology Organisation
105(ANSTO) using the Gamma Technology Research Irradiator
106(GATRI). Irradiations with cobalt-60 to approximate absorbed
107doses of 1, 5, 10, 25 and 50 kGywere performed independently
108at ambient temperature (~24.0 °C). For each dose, the dose rate
109was confirmed by two ceric-cerous sulphate dosimeters, except
110at 1 kGy, which relied on a dose rate previously determined by a
111dose mapping study (data not shown). Samples received a dose
112rate of approximately 2 kGy per hour over a continuous period
113until the target dose was reached. Exposure times ranged from
114approximately 30 min (1 kGy) to 24 h (50 kGy), correcting
115times to account for radioactive source decay. Samples were
116immediately stored at −20 °C post-irradiation.
117Sample irradiations took place over three days batched by
118dose. To evaluate any impact of storage time on DNA integ-
119rity, two sets of unirradiated controls were prepared for each
120individual and sample type (i.e. liquid or dried). These con-
121trols were stored under the same conditions as the first and last
122irradiation batch for subsequent comparison of DNA integrity.

123DNA extraction

124Whole blood samples were extracted using the QIAamp DNA
125Mini Kit (Qiagen, Hilden, Germany) [29]. Sample lysis was
126carried out directly in the glass vials of liquid samples or by
127transferring dried blood flakes into 1.5 mL microcentrifuge
128tubes. Extracted DNA was eluted into 100 μL elution buffer
129(10 mM Tris-chloride, pH 9.0, 0.5 mM EDTA). Aliquots of
130the DNA extracts were stored at −20 °C prior to use.

131Quantitative real-time PCR (qPCR)

132Quantification of nuDNAwas performed with the Quantifiler
133Human DNA Quantification Kit (Applied Biosystems, Foster
134City, USA) [30]. Three mtDNA rRNA coding region targets
135of different length (86, 190 and 452 base pairs, bp) were
136quantified by SYBR Green-based qPCR assays [31]. All as-
137says were performed on a 7500 Real-Time PCR System with
138HID Real-Time PCR Analysis Software v1.1 (Applied
139Biosystems). Internal PCR controls (IPCs) were included with
140both the Quantifiler and mtDNA assays.

141STR genotyping

142A panel of 23 forensic STR markers and amelogenin were
143genotyped using the GlobalFiler PCR Amplification Kit
144(Applied Biosystems). The standard 25 μL reaction chemistry
145was applied [32], with products amplified from 1 ng template
146DNA (29 cycle protocol) on a Veriti Thermal Cycler (Applied
147Biosystems). Sample dilutions were in TE buffer (10 mM
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148 Tris-chloride, pH 8.0, 0.1 mM EDTA). Positive controls were
149 Control DNA 007 (Applied Biosystems).
150 Capillary electrophoresis was performed for GlobalFiler
151 [32] using GeneScan 600 LIZ dye Size Standard v2.0
152 (Applied Biosystems) and Hi-Di Formamide (Applied
153 Biosystems). Electrophoresis was performed on a 3500xl
154 Genetic Analyser with 3500 Series Data Collection Software
155 2 (Applied Biosystems), run module ‘HID36_POP4xl’. The
156 capillary was 36 cm filled with POP-4 Polymer (Applied
157 Biosystems). Spectral calibration was performed with DS-36
158 Matrix Standard (Dye Set J6; Applied Biosystems). Analysis
159 of genotypes was conducted in GeneMapper ID-X v1.4
160 (Applied Biosystems) with a detection limit of 225 relative
161 fluorescence units (RFU), corresponding to 10 standard devi-
162 ations above baseline. Stochastic thresholds of 500 and 1000
163 RFU were empirically determined for heterozygote and ho-
164 mozygote alleles, respectively, with a heterozygote peak im-
165 balance threshold of 70% for each locus.

166 DNA degradation assays

167 An index of DNA integrity was determined for both nuDNA
168 and mtDNA from the amplification of long versus short tar-
169 gets. For nuDNA, a subset of autosomal forensic STRmarkers
170 were selected for relative size consistency with the three
171 mtDNA qPCR targets (86, 190 and 452 bp), including loci
172 of low molecular weight (D2S441, ~75–110 bp), intermediate
173 molecular weight (vWA and D1S1656, ~150–210 bp), and
174 high molecular weight (TPOX and SE33, ~310–450 bp). For
175 STR size groups containing multiple loci, the average peak
176 heights of alleles for each marker were determined. Integrity
177 indices were calculated from peak height or quantity ratios
178 comprising intermediate/short (Index A), long/intermediate
179 (Index B), and long/short loci (Index C). Integrity indices for
180 irradiated samples were normalized against those for unirradi-
181 ated samples of equivalent DNA type. This ‘relative integrity
182 index’ was used for comparison of nuDNA versus mtDNA
183 integrity to account for any differences in PCR efficiency
184 and/or template damage prior to irradiation.

185 Statistical analysis

186 To account for any variation between the two sets of unirradi-
187 ated controls (stored under the same conditions as the first and
188 last irradiation batch), the irradiated samples were compared
189 against both sets of controls and the data pooled for statistical
190 analysis using SPSS Statistics 23 (IBM, Armonk, USA). A p
191 value of less than 0.05 was considered statistically significant.
192 Divergence from a normal Gaussian distribution was assessed
193 using Shapiro-Wilk normality tests and quantile-quantile (Q-Q)
194 plots. Equality of variances was checked using Levene’s test.
195 Outliers were removed if they were beyond the first or third
196 quartile of the dataset by more than 1.5× the interquartile range.

197Nonparametric tests for related samples (repeated mea-
198sures) were applied for evaluation of any dose-effect differ-
199ences within data grouped by integrity index (A, B or C),
200sample preparation (hydrated or dehydrated), or DNA type
201(nuDNA or mtDNA). These analyses were conducted using
202Friedman’s tests, with multiple comparisons made by
203Wilcoxon Signed-Rank tests. Mann-Whitney U tests were
204used to compare the effect of sample hydration status at equiv-
205alent doses. Sequential Bonferroni (Holm-Bonferroni)
206corrected p-values were applied to mitigate against chance
207significance due to multiple comparisons [33].

208Results

209DNA quantification and PCR inhibitor detection

210The presence of inhibitors was tested using a TaqMan-based
211IPC multiplexed with the Quantifiler chemistry (nuDNA) and
212a separate SYBR Green-based IPC reaction designed for use
213with the mtDNA assays. Both inhibitor assays did not detect
214inhibition in any sample; the IPC amplified after ~25 cycles
215using Quantifiler and ~ 30 cycles using the SYBR Green IPC
216assay, consistent with positive and negative controls. The
217nuDNA concentrations of pooled unirradiated controls ranged
218from 10 to 34 ng/μL for dehydrated samples and 31 to 94 ng/
219μL for hydrated samples, while mtDNA ranged from 5000 to
22090,000 copies/μL (10 to 210 fg/μL) for dehydrated samples
221and 32,000 to 150,000 copies/μL (74 to 350 fg/μL) for hy-
222drated samples.

223Integrity of unirradiated genotypes

224The duplicate unirradiated controls for each individual and
225matrix were pooled to compare the integrity of genotypes
226prior to irradiation with that of positive genotyping controls
227(Fig. 1). Mean peak heights (± 95% confidence interval) of
228controls were 9200 ± 500 RFU (dehydrated controls), 8900 ±
229480 RFU (hydrated controls), and 7300 ± 660 RFU (Control
230DNA 007). While all heterozygote alleles were well balanced
231for Control DNA 007, heterozygote imbalance (< 70% peak
232height ratio) was observed in half of the dehydrated controls
233(at up to two loci) and in 80% of hydrated controls (at up to
234three loci). No correlation with amplicon size was discernible.

235Effect of γ-irradiation on forensic STR genotyping

236A panel of STRs was amplified from whole blood (liquid/
237hydrated and dried/dehydrated) using the GlobalFiler PCR
238Amplification Kit and evaluated for signs of degradation after
239high-dose (1–50 kGy) γ-irradiation (Fig. 2). Peak height av-
240erages (± 95% confidence interval) across all loci and individ-
241uals were consistent for dehydrated samples at 1 kGy (11,000
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242 ± 750 RFU), 5 kGy (12,000 ± 760 RFU), and 10 kGy (12,000
243 ± 790 RFU). This declined after 25 kGy (9700 ± 680 RFU)
244 and 50 kGy (5800 ± 470 RFU). Similarly, peak heights of
245 hydrated samples were consistent between 1 kGy (13,000 ±
246 820 RFU) and 5 kGy (11,000 ± 690 RFU), declining after
247 10 kGy (9100 ± 622 RFU), 25 kGy (5800 ± 530 RFU), and
248 50 kGy (3000 ± 400 RFU).
249 Compared to unirradiated controls (Fig. 3), peak heights
250 were significantly increased after 1 kGy for hydrated (by 41
251 ± 4.0%) and dehydrated samples (by 18 ± 2.9%), 5 kGy for
252 hydrated (by 24 ± 3.9%) and dehydrated samples (by 34 ±
253 3.7%), and 10 kGy for dehydrated samples only (by 31 ±
254 3.7%). Peak heights were not statistically different from con-
255 trols at 10 kGy for hydrated samples or 25 kGy for dehydrated
256 samples. A significant decline in peak height relative to con-
257 trols occurred for hydrated samples at 25 kGy (by 35 ± 2.8%)
258 and 50 kGy (by 68 ± 2.5%), which did not occur for
259 dehydrated samples until 50 kGy (by 37 ± 2.3%). TH01,
260 D2S1338 and DYS391 produced markedly higher relative
261 changes in comparison to other loci; thus, these loci were
262 excluded from statistical analysis.
263 Employing heterozygote and homozygote thresholds of
264 500 and 1000 RFU, respectively, full profiles were attained

265for all dehydrated samples, as well as hydrated samples up to
26625 kGy. Partial profiles attained for 50 kGy hydrated samples
267were above-threshold for 86 ± 4.1% (mean ± 95% confidence
268interval) of alleles. Alleles below peak height thresholds
269(dropout) were above approximately 225 bp (≥ D16S539),
270with 5.3% of these alleles (all from SE33) being undetectable
271(below 225 RFU). Genotype nonconcordance (relative to un-
272irradiated genotypes) was found at 21% of nonreportable
273(subthreshold) loci, consisting of dropout for a single hetero-
274zygous allele (miscalled homozygote).
275Heterozygote imbalance (< 70% peak height ratio) contrib-
276uted to greater levels of nonreportable alleles, particularly as
277dose increased. Out of 10 profiles, no cases of imbalance were
278observed in dehydrated samples at 1 kGy, 1–3 profiles were
279imbalanced at up to two loci each from 5 to 25 kGy, and seven
280profiles had imbalances at up to four loci each at 50 kGy.
281Hydrated samples exhibited imbalances for 3–4 profiles at
282up to two loci each from 1 to 10 kGy, nine profiles with up
283to three loci at 25 kGy, and eight profiles with 2–6 imbalanced
284loci at 50 kGy. The frequency of imbalances was less than
285unirradiated controls at 1–25 kGy for dehydrated samples
286(by 40–100%) and 1–10 kGy for hydrated samples (by 50–
28763%). Imbalances were more prevalent than in controls

Fig. 1 Peak heights and
heterozygote balance of shortQ2
tandem repeat (STR) genotypes
for unirradiated samples and
positive controls. Samples
included dried (dehydrated) and
liquid (hydrated) whole blood
(n = 20 for autosomal STRs and
10 for Y-STRs), as well as
Control DNA 007 (n = 4).
Vertical bars (left vertical axis)
represent the average (± 95%
confidence interval) relative
fluorescence units (RFU) of peak
heights, while dots (right vertical
axis) represent the median (±
minimum/maximum)
heterozygote imbalance. A
heterozygote imbalance threshold
of 70% is indicated by a solid line.
STR loci are arranged in
approximate size order (Y indel <
SE33)
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288 beyond these doses; 40% more for dehydrated samples at
289 50 kGy and 13% more for hydrated samples at 25 and
290 50 kGy. Imbalances predominantly affected amplicons above
291 200–300 bp.

292 Effect of γ-irradiation on nuDNA integrity

293 Significant increases in nuDNA integrity index relative to un-
294 irradiated controls occurred at 1 kGy (dehydrated and hydrat-
295 ed) and 5 kGy (dehydrated only) (Fig. 4). For dehydrated and

296hydrated samples, respectively, this transpired with frequen-
297cies of 77 and 78% at 1 kGy and 56 and 42% at 5 kGy (data
298not shown); such cases diminished with increasing dose, with
299no cases beyond 10 kGy for hydrated samples, which did not
300substantiate statistically significant effects. Corresponding
301changes to relative integrity were nonsignificant at 5 kGy
302(hydrated) and 10 kGy (dehydrated) and declined significantly
303as dose increased.
304The relative nuDNA integrity indices were compared for
305hydrated samples relative to those for dehydrated samples

Fig. 2 Peak heights and heterozygote balance of short tandem repeat
(STR) genotypes for γ-irradiated samples. Dried (dehydrated: left) and
liquid (hydrated: right) whole blood (n = 9 to 10 for autosomal STRs and
5 for Y-STRs) were irradiated to doses from 1 to 50 kilogray (kGy).
Vertical bars (left vertical axis) represent the average (± 95% confidence

interval) relative fluorescence units (RFU) of peak heights, while dots
(right vertical axis) represent the median (± minimum/maximum)
heterozygote imbalance. A heterozygote imbalance threshold of 70% is
indicated by a solid line. STR loci are arranged in approximate size order
(Y indel < SE33)
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306 (Fig. 5). Cell hydration significantly lowered relative integrity
307 after 5, 10, or 25 kGy, dependent on the index applied. These
308 differences became more pronounced as dose increased.

309 Effect of γ-irradiation on mtDNA integrity

310 Integrity indices of mtDNAwere more often reduced relative
311 to unirradiated controls without substantive increases (Fig. 6).
312 Significant losses of relative integrity were possible after
313 5 kGy independent of cell hydration; however, this was de-
314 pendent on the integrity index applied when cells were
315 dehydrated. Increases in relative integrity index were ob-
316 served in near 50% of all samples at 1 kGy (data not shown),
317 diminishing as dose increased with no such effects beyond
318 5 kGy (hydrated) or 25 kGy (dehydrated); this did not result
319 in any statistical significance.

320The relative mtDNA integrity indices of hydrated samples
321were compared relative to those for dehydrated samples
322(Fig. 7). Hydrated samples produced significantly lower rela-
323tive integrity indices after 5 kGy. These differences due to
324sample hydration increased with dose.

325Comparison of nuDNA and mtDNA degradation

326The mtDNA relative integrity indices were compared with
327those for nuDNA at each dose (Fig. 8). Integrity of mtDNA
328was significantly lower than nuDNA after equivalent doses,
329which occurred after a minimum of 1 kGy, dependent on the
330integrity index applied. Only Index A of dehydrated cells did
331not demonstrate any significant effects. Differences generally
332increased with dose and were more extensive when cells
333remained hydrated.

Fig. 3 Change in the peak height
of short tandem repeat (STR) loci
after γ-irradiation. Dried
(dehydrated) and liquid
(hydrated) whole blood (n = 16 to
20 for autosomal STRs and 9 to
10 for Y-STRs) were irradiated to
doses from 1 to 50 kilogray
(kGy). The average (± 95%
confidence interval) change in the
peak height of each locus was
determined for irradiated samples
relative to unirradiated controls
(indicated by a solid line at 0%
change). STR loci are arranged in
approximate size order (Y indel <
SE33)

Fig. 4 Change in nuclear DNA
integrity indices relative to those
for unirradiated controls at each
dose. Dried (dehydrated: left) and
liquid (hydrated: right) whole
blood (n = 15 to 20) were γ-
irradiated to doses from 1 to 50
kilogray (kGy). Integrity indices
comprised peak height ratios for
intermediate/short (Index A),
long/intermediate (Index B), and
long/short loci (Index C),
expressed as the average (± 95%
confidence interval) percentage
change relative to those for
unirradiated controls (indicated
by a solid line at 0% change). * =
significantly different
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334 Discussion

335 Forensic DNA evidence may be exposed to γ-radiation doses
336 beyond 10 kGy in the event of a radiological crime, or during
337 decontamination of biological agents from forensic evidence
338 in cases concerning biosecurity [4–7]. This study examined γ-
339 irradiation of whole blood to doses ranging 1 to 50 kGy from a
340 cobalt-60 source. Dried (dehydrated) blood samples were se-
341 lected to represent typical forensic material, while liquid
342 (hydrated) blood samples were included to preserve cell integ-
343 rity and water content prior to irradiation. This enabled

344contributions to DNA damage from indirect mechanisms
345(e.g. ROS induction) to be evaluated; localized sample heating
346during irradiation may also contribute [34].
347These experiments were designed to imitate a scenario
348where biological evidence is continuously exposed to γ-
349radiation for up to 24 h (achieving a dose of 50 kGy), before
350collection and flash freezing. Continued ROS generation or
351cell death mechanisms initiated by irradiation can contribute
352to greater levels of DNA degradation where rapid sample
353processing or freezing does not occur, which is observed in
354live cells below 1 kGy [35–37]. For γ-irradiation beyond

Fig. 6 Change in mitochondrial
DNA integrity indices relative to
those for unirradiated controls at
each dose. Dried (dehydrated:
left) and liquid (hydrated: right)
whole blood (n = 14 to 18) were
γ-irradiated to doses from 1 to 50
kilogray (kGy). Integrity indices
comprised quantity ratios for
intermediate/short (Index A),
long/intermediate (Index B), and
long/short loci (Index C),
expressed as the average (± 95%
confidence interval) percentage
change relative to those for
unirradiated controls (indicated
by a solid line at 0% change). * =
significantly different

Fig. 5 Change in nuclear DNA dose-response of hydrated samples
relative to dehydrated samples. Dried (dehydrated) and liquid
(hydrated) whole blood (n = 15 to 20) were γ-irradiated to doses from 1
to 50 kilogray (kGy). Integrity indices were comprised of peak height
ratios for intermediate/short (Index A), long/intermediate (Index B), and
long/short loci (Index C). The relative integrity indices of irradiated to
unirradiated samples were expressed for hydrated samples as the average
(± 95% confidence interval) percentage change relative to that for
dehydrated samples (indicated by the solid line at 0% change). * =
significantly different

Fig. 7 Change inmitochondrial DNA dose-response of hydrated samples
relative to dehydrated samples. Dried (dehydrated) and liquid (hydrated)
whole blood (n = 14 to 18) were γ-irradiated to doses from 1 to 50
kilogray (kGy). Integrity indices comprised quantity ratios for
intermediate/short (Index A), long/intermediate (Index B), and
long/short loci (Index C). The relative integrity indices of irradiated to
unirradiated samples were expressed for hydrated samples as the average
(± 95% confidence interval) percentage change relative to that for
dehydrated samples (indicated by the solid line at 0% change). * =
significantly different
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355 1 kGy, inherent analytical variation of STR genotypes was
356 greater than the effect of up to four weeks delayed analysis
357 [38], although this may vary with cell hydration level and
358 sample storage conditions.
359 In the present study, genotypes at forensic autosomal STR
360 loci did not show signs of degradation pre-irradiation, al-
361 though heterozygote peak imbalances were prevalent (Fig.
362 1). Doses above 10 and 25 kGy for hydrated and dehydrated
363 samples, respectively, produced greater frequencies of imbal-
364 ances than the unirradiated controls, which increased progres-
365 sively up to 50 kGy (Fig. 2). The level of imbalance was
366 consistent with a significant reduction in overall peak height
367 for hydrated and dehydrated samples after respective doses of
368 25 and 50 kGy (Figs. 2 and 3). This was associated with a
369 progressive decline in peak height as amplicon size increased,
370 typical of degradation [16]. However, the impact on genotype
371 reporting based on peak height and heterozygote imbalance
372 thresholds was minor, affecting a maximum of six loci due to
373 imbalance, with partial profiles (due to dropout of less than
374 15% of alleles) prevalent for only 50 kGy hydrated samples.
375 Genotype nonconcordance due to dropout of single heterozy-
376 gous alleles affected one-fifth of subthreshold loci.
377 The robustness of STRs to γ-radiation has been demon-
378 strated for several STR kits and cell substrates (e.g. blood,
379 saliva) capable of full profiles up to 50 kGy [18, 38, 39].
380 This has also been achieved for dried bloodstains up to
381 90 kGy [40], although reductions in peak height are typical
382 after 10 kGy [17, 18, 38]. Successful STR genotypes and HV1
383 sequences from dried saliva are also possible after 51.6 kGy
384 electron beam (beta) irradiation, another common biological
385 decontaminant [41]. However, another study found 56.4 kGy
386 γ-irradiation to produce only 40% full profiles from dried
387 saliva, while a 50 kGy electron beam resulted in 70% full

388profiles [42]. This demonstrates γ-radiation to be more dam-
389aging than beta-radiation at similar dose, although highlights
390potential for significant points of difference, such as STR kit,
391sample type and/or post-irradiation sample storage conditions,
392to influence the consistency of findings between such studies.
393Another consideration to profiling success, not discussed by
394these studies, is heterozygote allele imbalance.
395Heterozygote imbalances are typical of PCR inhibition
396or degradation, particularly of longer targets [43, 44].
397Imbalances in unirradiated controls, without peak height
398characteristics of degradation [16], indicated that inhibition
399was likely to have impacted genotypes pre-irradiation (Fig.
4001). γ-radiation then improved genotypes relative to unirra-
401diated samples at lower doses; imbalances were reduced by
402doses of up to 10 and 25 kGy, while peak heights were
403increased at doses of ≤5 and 10 kGy for hydrated and
404dehydrated samples, respectively (Fig. 2). This result is un-
405usual and not demonstrated by prior studies exploring sim-
406ilar effects [17, 18, 38–40, 42]. It is unlikely that inherent
407template damage or cellular function is responsible for these
408observations, since the doses applied are beyond those ex-
409pected to initiate any adaptive DNA repair response
410[45–47]. It is more likely that degradation of potential
411PCR inhibitors after γ-irradiation, including heme and
412EDTA that are degraded by respective doses below 1 and
4135 kGy [48, 49], lends to improved genotypes at lower doses
414that are inconsequential to DNA integrity. While inhibition
415was unconfirmed by qPCR, differences in assay chemis-
416tries, length of targets and/or primer design (GC content /
417melting temperature) can lead to differential sensitivity of
418PCR assays, and individual amplicons, to inhibition
419[50–53]. Confirmation of this hypothesis is required via
420inhibitor-spiking experiments.

Fig. 8 Change in dose-response of mitochondrial DNA (mtDNA)
relative to nuclear DNA (nuDNA). Dried (dehydrated: left) and liquid
(hydrated: right) whole blood (n = 13 to 20) were γ-irradiated to doses
from 1 to 50 kilogray (kGy). Integrity indices were comprised of peak
height ratios (nuDNA) or quantity ratios (mtDNA) for intermediate/short

(Index A), long/intermediate (Index B), and long/short loci (Index C).
The relative integrity indices of irradiated to unirradiated samples were
expressed for mtDNA as the average (± 95% confidence interval)
percentage change relative to that for nuDNA (indicated by the solid
line at 0% change). * = significantly different
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421 At higher doses the sensitivity of integrity indices to deg-
422 radation proceeded, generally, in order of Index A < Index B
423 < Index C, consistent with greater degradation of longer
424 amplicons. Doses of 10 and 25 kGy were sufficient to cause
425 a significant loss of hydrated and dehydrated nuDNA integri-
426 ty, respectively (Fig. 4). Only 5 kGy was required to signifi-
427 cantly reduce mtDNA integrity of hydrated samples, with up
428 to 25 kGy required for dehydrated samples (Fig. 6). A radio-
429 protective effect was therefore conferred by cellular desicca-
430 tion (Figs. 5 and 7), demonstrating ROS generation from wa-
431 ter radiolysis or other cellular interaction to be a prime con-
432 tributor to DNA damage from γ-radiation, which is more
433 greatly localized to the mitochondria than the nucleus (Fig.
434 8). This is consistent with mitochondrial hyperfunction after
435 ionizing-irradiation coupled with a reduced DNA repair ca-
436 pacity [21, 22, 27], or upregulation of mitochondrial ROS
437 from cell death [54, 55]; however, such studies include dose
438 regimens well below 1 kGy.
439 Differential nuDNA versus mtDNA damage was reduced
440 by cell drying, but not completely removed (except for Index
441 A), indicating a capacity for such effects to continue (i.e. due
442 to residual moisture) or for innate differences in radiosensitiv-
443 ity to exist. This may be due to structural arrangements, such
444 as chromatin compaction or DNA interaction with nuclear
445 histones versus mitochondrial transcription factor A (TFAM)
446 [56–58], or the frequency of nuclear versus mitochondrial
447 ionization events [22, 28]. Inclusion of naked (cell-free)
448 DNA after both desiccation and dissolution into aqueous me-
449 dium could test these hypotheses by evaluation of cellular
450 versus non-cellular effects. Such controls have been applied
451 to support a mechanism for DNA damage from continued
452 activity in desiccated cells after UV-B irradiation [59].
453 Further radiosensitivity is anticipated for HVRs due to D-
454 loop susceptibility to oxidative damage, as demonstrated for
455 X-rays at low doses (up to 8 Gy) [60]; thus, an equal distribu-
456 tion of damage across the entire mitochondrial genome cannot
457 be assumed. While mtDNA target selection within the rRNA
458 coding region offers multiplexing potential [31], this location
459 causes them to be indirect indicators of HVR sequencing suc-
460 cess, despite similar lengths to HVR amplicons. However, no
461 loss of sequencing fidelity has been demonstrated for both
462 HV1 and HV2 of single hairs after a γ-radiation dose of
463 90 kGy, which was consistent with STR genotyping success
464 of dried blood [40], though not directly comparable to hair.
465 Further evaluation of HVR damage relative to mtDNA integ-
466 rity indices is required at such high doses that are necessary to
467 degrade the forensic STRs.

468 Conclusion

469 At a radiological crime scene, successful GlobalFiler STR
470 genotypes can be expected from biological evidence

471exposed to substantial doses of γ-radiation, at least in the
472absence of additional degradative factors. While peak
473heights are reduced with increasing dose and accompanied
474by heterozygote peak imbalance, full profiles are possible
475fromwhole blood up to a dose of 50 kGy; at this dose, allelic
476dropout is prone for hydrated samples, where peak imbal-
477ance is liable to cause genotype nonconcordance. Thus,
478such genotyping thresholds must be carefully considered
479for γ-irradiated samples to ensure reliability, especially be-
480yond 50 kGy. The success of STR genotyping suggests
481there is little to be gained fromHVR sequencing at the doses
482examined; however, at higher doses that may be sufficient to
483cause autosomal DNA degradation, our evaluation of
484mtDNA damage suggests poor prospects for HVR sequenc-
485ing, although this was not attempted.
486γ-irradiation of liquid and dried blood demonstrated sig-
487nificantly greater damage to mtDNA than nuDNA at equiva-
488lent doses, which was more substantial without desiccation.
489This implicates ROS induction from water radiolysis and mi-
490tochondrial function as causal of DNA damage when sample
491integrity and water content are preserved during irradiation.
492Consequently, a radioprotective effect of sample dehydration,
493as is commonplace for forensic biological specimens, is ap-
494parent. However, disparity between nuDNA and mtDNA in-
495tegrity in dried samples suggests additional radioprotection is
496afforded to nuDNA. Future investigation should focus on the
497HVRs as direct targets for degradation in conjunction with
498broader integrity indicators, such as those applied in this
499study.

500Key points

5011. γ-irradiation up to 50 kGy did not greatly impact forensic
502genotyping success.
5032. Heterozygote imbalance was the primary contributor to
504subthreshold alleles.
5053. Cell desiccation protected DNA, while cell hydration ex-
506acerbated DNA damage.
5074. Damage to mitochondrial DNAwas greater than nuclear
508DNA at equivalent doses.

509Acknowledgements This research was supported by an Australian
510Institute of Nuclear Science and Engineering research award
511(ALNSTU11896) and an Australian Government Research Training
512Program Scholarship. The authors would like to thank Connie Banos
513and Justin Davies of ANSTO gamma-irradiation services for assistance
514in the planning and implementation of sample irradiations, as well as
515Australian Federal Police Forensics for the use of their genotyping facil-
516ities and Timothy Shaw for assistance with genotyping and profile
517analysis.

518
519Funding This study was funded by an Australian Institute of Nuclear
520Science and Engineering research award (ALNSTU11896).

Forensic Sci Med Pathol

JrnlID 12024_ArtID 251_Proof# 1 - 06/05/2020



AUTHOR'S PROOF

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

521 Data availability Research data is available online: Goodwin, C;
522 Wotherspoon, A; Gahan, M; McNevin, D (2019), “Degradation of nucle-
523 ar and mitochondrial DNA after γ-irradiation and its effect on forensic
524 genotyping”, Mendeley Data, v1, https://doi.org/10.17632/hytsjn9zbv.1

525 Compliance with ethical standards

526 Conflict of interest The authors declare that they have no conflict of
527 interest.

528 Ethics approval All procedures involving human participants were in
529 accordance with the 1964 Helsinki declaration and its later amendments.
530 Approval for the collection and use of human biological material was
531 granted by the University of Canberra Committee for Ethics in Human
532 Research (Project Number 14–70). This article does not contain any stud-
533 ies with animals performed by any of the authors.

534 Consent to participate Informed consent was obtained from all individ-
535 ual participants included in the study.

536 References

537 1. Ferguson CD, Kazi T, Perera J. Commercial radioactive sources:
538 Surveying the security risks. Occassional Paper No. 11. Monterey,
539 CA: Center for Nonproliferation Studies, Monterey Institute of
540 International Studies; 2003. Report No.: 1885350066.
541 2. Ackerman GA. Chemical, biological, radiological and nuclear
542 (CBRN) terrorism. In: Silke A, editor. Routledge handbook of ter-
543 rorism and counterterrorism. Abingdon, United Kingdom:
544 Routledge; 2019.
545 3. Koehler D, Popella P. Mapping far-right chemical, biological, ra-
546 diological, and nuclear (CBRN) terrorism efforts in the west: char-
547 acteristics of plots and perpetrators for future threat assessment.
548 Terrorism and Political Violence. 2018. https://doi.org/10.1080/
549 09546553.2018.1500365.
550 4. IAEA. Categorization of radioactive sources. IAEA safety standard
551 series guide no. RS-G-1.9. International Atomic Energy Agency:
552 Austria; 2005.
553 5. Dutra MP, Aleixo GC, Ramos ALS, Silva MHL, Pereira MT,
554 Piccoli RH, et al. Use of gamma radiation on control of
555 Clostridium botulinum in mortadella formulated with different ni-
556 trite levels. Rad Phys Chem. 2016;119:125–9.
557 6. Elliott LH, McCormick JB, Johnson KM. Inactivation of Lassa,
558 Marburg, and Ebola viruses by gamma irradiation. J Clin
559 Microbiol. 1982;16:704–8.
560 7. Ortatatli M, Canitez K, Sezigen S, Eyison RK, Kenar L. Evaluation
561 of gamma-radiation inactivation of a bioterrorism agent, Bacillus
562 anthracis spores, on different materials. Indian J Microbiol.
563 2018;58:76–80.
564 8. Jeffreys AJ. Genetic fingerprinting. Nature Med. 2005;11:1035–9.
565 9. Kimpton C, Fisher D, Watson S, Adams M, Urquhart A, Lygo J,
566 et al. Evaluation of an automated DNA profiling system employing
567 multiplex amplification of four tetrameric STR loci. Int J Legal
568 Med. 1994;106:302–11.
569 10. Kimpton CP, Gill P, Walton A, Urquhart A,Millican ES, AdamsM.
570 Automated DNA profiling employing multiplex amplification of
571 short tandem repeat loci. Genome Res. 1993;3:13–22.
572 11. Hutchinson F. Chemical changes induced in DNA by ionising ra-
573 diation. Prog Nucleic Acid Res Mol Biol. 1985;32:115–54.
574 12. Dextraze ME, Gantchev T, Girouard S, Hunting D. DNA inter-
575 strand cross-links induced by ionizing radiation: an unsung lesion.
576 Mutat Res. 2010;704:101–7.

57713. Téoule R. Radiation-induced DNA damage and its repair. Int J
578Radiat Biol Relat Stud Phys Chem Med. 1987;51:573–89.
57914. Matuo Y, Izumi Y, Sato N, Yamamoto T, Shimizu K. Evaluation of
580DNA lesions caused by high-LET radiation using the polymerase
581chain reaction. Radiat Meas. 2013;55:93–5.
58215. Sikorsky JA, Primerano DA, Fenger TW, Denvir J. DNA damage
583reduces Taq DNA polymerase fidelity and PCR amplification effi-
584ciency. Biochem Biophys Res Comm. 2007;355:431–7.
58516. Takahashi M, Kato Y, Mukoyama H, Kanaya H, Kamiyama S.
586Evaluation of five polymorphic microsatellite markers for typing
587DNA from decomposed human tissues: correlation between the
588size of the alleles and that of the template DNA. Forensic Sci Int.
5891997;90:1–9.
59017. Hodgson A, Baxter A. Preliminary studies into profiling DNA re-
591covered from a radiation or radioactivity incident. J Radioanalyt
592Nuc Chem. 2013;296:1149–54.
59318. Hoile R, Banos C, Colella M, Walsh SJ, Roux C. Gamma irradia-
594tion as a biological decontaminant and its effect on common
595fingermark detection techniques and DNA profiling. J Forensic
596Sci. 2010;55:171–7.
59719. Das S. Critical review of water radiolysis processes, dissociation
598products, and possible impacts on the local environment: a geo-
599chemist’s perspective. Aust J Chem. 2013;66:522–9.
60020. Dizdaroglu M, Jaruga P, Birincioglu M, Rodriguez H. Free radical-
601induced damage to DNA: mechanisms and measurement. Free
602Radic Biol Med. 2002;32:1102–15.
60321. Leach JK, Van Tuyle G, Lin P-S, Schmidt-Ullrich R, Mikkelsen
604RB. Ionizing radiation-induced, mitochondria-dependent genera-
605tion of reactive oxygen/nitrogen. Cancer Res. 2001;61:3894–901.
60622. Yamamori T, Yasui H, Yamazumi M, Wada Y, Nakamura Y,
607Nakamura H, et al. Ionizing radiation induces mitochondrial reac-
608tive oxygen species production accompanied by upregulation of
609mitochondrial electron transport chain function and mitochondrial
610content under control of the cell cycle checkpoint. Free Radic Biol
611Med. 2012;53:260–70.
61223. Budowle B, Chakraborty R, Carmody G, Monson KL. Source at-
613tribution of a forensic DNA profile. Forensic Sci Comm. 2000;2:1–
6146.
61524. Mabuchi T, Susukida R, Kido A, Oya M. Typing the 1.1 kb control
616region of human mitochondrial DNA in Japanese individuals. J
617Forensic Sci. 2007;52:355–63.
61825. Morales A, Miranda M, Sánchez-Reyes A, Biete A, Fernández-
619Checa JC. Oxidative damage of mitochondrial and nuclear DNA
620induced by ionizing radiation in human hepatoblastoma cells. Int J
621Radiat Oncol. 1998;42:191–203.
62226. Richter C, Park JW, Ames BN. Normal oxidative damage to mito-
623chondrial and nuclear DNA is extensive. Proc Nat Acad Sci.
6241988;85:6465–7.
62527. Yakes FM, van Houten B. Mitochondrial DNA damage is more
626extensive and persists longer than nuclear DNA damage in human
627cells following oxidative stress. Proc Nat Acad Sci. 1997;94:514–9.
62828. Kam WWY, McNamara AL, Lake V, Banos C, Davies JB, Kuncic
629Z, et al. Predicted ionisation in mitochondria and observed acute
630changes in themitochondrial transcriptome after gamma irradiation:
631a Monte Carlo simulation and quantitative PCR study.
632Mitochondrion. 2013;13:736–42.
63329. Qiagen. QIAamp® DNA Mini and Blood Mini handbook. User
634Guide. Hilden, Germany; 2016.
63530. Biosystems A. Quantifiler™ human and Y human male DNA
636quantification kits. Cheshire, UK: User Guide; 2018.
63731. Goodwin C, Higgins D, Tobe SS, Austin J, Wotherspoon A, Gahan
638ME, et al. Singleplex quantitative real-time PCR for the assessment
639of human mitochondrial DNA quantity and quality. Forensic Sci
640Med Pathol. 2018;14:70–5.
64132. Biosystems A. GlobalFiler™ PCR amplification kit. Carlsbad,
642USA: User Guide; 2016.

Forensic Sci Med Pathol

JrnlID 12024_ArtID 251_Proof# 1 - 06/05/2020

https://doi.org/10.17632/hytsjn9zbv.1
https://doi.org/10.1080/09546553.2018.1500365
https://doi.org/10.1080/09546553.2018.1500365


AUTHOR'S PROOF

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

643 33. Benjamini Y, Hochberg Y. Controlling the false discovery rate: a
644 practical and powerful approach to multiple testing. J Royal Stat
645 Soc B. 1995;57:289–300.
646 34. Kantidze OL, Velichko AK, Luzhin AV, Razin SV. Heat stress-
647 induced DNA damage. Acta Nat. 2016;8:75–8.
648 35. Hu S, Gao Y, Zhou H, Kong F, Xiao F, Zhou P, et al. New insight
649 into mitochondrial changes in vascular endothelial cells irradiated
650 by gamma ray. Int J Radiat Biol. 2017;93:470–6.
651 36. Joseph P, Bhat NN, Copplestone D, Narayana Y. Production of
652 gamma induced reactive oxygen species and damage of DNA mol-
653 ecule in HaCaT cells under euoxic and hypoxic condition. J
654 Radioanalyt Nuc Chem. 2014;302:983–8.
655 37. Yamaguchi M, Kashiwakura I. Role of reactive oxygen species in
656 the radiation response of human hematopoietic stem/progenitor
657 cells. PLoS One. 2013;8:e70503.
658 38. Abbondante SF. The effect of radioactive materials on forensic
659 DNA evidence: procedures and interpretation [dissertation]:
660 University of Canberra; 2009.
661 39. Neureuther K, Rohmann E, Hilken M, Sonntag ML, Herdt S,
662 Koennecke T, et al. Reduction of PCR-amplifiable DNA by ethyl-
663 ene oxide treatment of forensic consumables. Forensic Sci Int.
664 2014;12:185–91.
665 40. Monson KL, Ali S, Brandhagen MD, Duff MC, Fisher CL, Lowe
666 KK, et al. Potential effects of ionizing radiation on the evidentiary
667 value of DNA, latent fingerprints, hair, and fibers: a comprehensive
668 review and new results. Forensic Sci Int. 2018;284:204–18.
669 41. Withrow AG, Sikorsky J, Downs JCU, Fenger T. Extraction and
670 analysis of human nuclear and mitochondrial DNA from electron
671 beam irradiated envelopes. J Forensic Sci. 2003;48:1302–8.
672 42. Shaw K, Sesardić I, Bristol N, Ames C, Dagnall K, Ellis C, et al.
673 Comparison of the effects of sterilisation techniques on subsequent
674 DNA profiling. Int J Legal Med. 2008;122:29–33.
675 43. Hansson O, Egeland T, Gill P. Characterization of degradation and
676 heterozygote balance by simulation of the forensic DNA analysis
677 process. Int J Legal Med. 2017;131:303–17.
678 44. Thompson RE, Duncan G, McCord BR. An investigation of PCR
679 inhibition using Plexor®-based quantitative PCR and short tandem
680 repeat amplification. J Forensic Sci. 2014;59:1517–29.
681 45. Desouky O, Ding N, Zhou G. Targeted and non-targeted effects of
682 ionizing radiation. J Radiat Res Appl Sci. 2015;8:247–54.
683 46. Mitchel REJ. The dose window for radiation-induced protective
684 adaptive responses. Dose Response. 2010;8:192–208.
685 47. TubianaM, Feinendegen LE, Yang C, Kaminski JM. The linear no-
686 threshold relationship is inconsistent with radiation biologic and
687 experimental data. Radiol. 2009;251:13–22.

68848. Rafiei J, Yavari K,Moosavi-Movahedi AA. Preferential role of iron
689in heme degradation of hemoglobin upon gamma irradiation. Int J
690Biol Macromol. 2017;103:1087.
69149. Jung J, Jo HJ, Lee SM, Ok YS, Kim JG. Enhancement of biode-
692gradability of EDTA by gamma-ray treatment. J Radioanalyt Nuc
693Chem. 2004;262:371–4.
69450. Hall AT, Zovanyi AM, Christensen DR, Koehler JW, Minogue TD.
695Evaluation of inhibitor-resistant real-time PCR methods for diag-
696nostics in clinical and environmental samples. PLoS One. 2013;8:
697e73845.
69851. Huggett JF, Novak T, Garson JA, Green C,Morris-Jones SD,Miller
699RF, et al. Differential susceptibility of PCR reactions to inhibitors:
700an important and unrecognised phenomenon. BMC Res Notes.
7012008;1:70.
70252. Opel KL, Chung D, McCord BR. A study of PCR inhibition mech-
703anisms using real time PCR. J Forensic Sci. 2010;55:25–33.
70453. Wang DY, Mulero JJ, Hennessy LK. Different effects of PCR in-
705hibitors onmultiplex STR assays. Applied Biosystems: Foster City;
7062008.
70754. Golstein P, Kroemer G. Cell death by necrosis: towards a molecular
708definition. Trends Biochem Sci. 2006;32:37–43.
70955. Kim EM, Yang HS, Kang SW, Ho JN, Lee SB, Um HD.
710Amplification of the γ-irradiation-induced cell death pathway by
711reactive oxygen species in humanU937 cells. Cell Signal. 2008;20:
712916–24.
71356. Falk M, Lukášová E, Kozubek S. Chromatin structure influences
714the sensitivity of DNA to γ-radiation. Biochim Biophys Acta.
7151783;2008:2398–414.
71657. Takata H, Hanafusa T,Mori T, ShimuraM, Iida Y, IshikawaK, et al.
717Chromatin compaction protects genomic DNA from radiation dam-
718age. PLoS One. 2013;8:e75622.
71958. AlexeyevM, Shokolenko I,Wilson G, LeDoux S. Themaintenance
720of mitochondrial DNA integrity—critical analysis and update. Cold
721Spring Harb Perspect Biol. 2013;5:a012641.
72259. Hall A, Sims LM, Ballantyne J. Assessment of DNA damage in-
723duced by terrestrial UV irradiation of dried bloodstains: forensic
724implications. Forensic Sci Int. 2014;8:24–32.
72560. Zhou X, Liu X, Zhang X, Zhou R, He Y, Li Q, et al. Non-
726randomized mtDNA damage after ionizing radiation via charge
727transport. Sci Rep. 2012;2:780.

728Publisher’s note Springer Nature remains neutral with regard to jurisdic-
729tional claims in published maps and institutional affiliations.

730

Forensic Sci Med Pathol

JrnlID 12024_ArtID 251_Proof# 1 - 06/05/2020



AUTHOR'S PROOF

U
N
C
O
R
R
EC
TE
D
PR
O
O
F

AUTHOR QUERIES

AUTHOR PLEASE ANSWER ALL QUERIES.

Q1. Please check affiliations if datas were captured and presented correctly.
Q2. Figure 1 to 8 contains poor quality of text inside the artwork. Please do not re-use the file that we

have rejected or attempt to increase its resolution and re-save. It is originally poor, therefore,
increasing the resolution will not solve the quality problem. We suggest that you provide us the
original format. We prefer replacement figures containing vector/editable objects rather than
embedded images. Preferred file formats are eps, ai, tiff and pdf.


