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Abstract
Analysis of DNA polymorphisms are the primary technique used for personal identification in forensic cases. However, DNA 
samples collected as evidence from crime scenes are usually degraded by environmental, physical, and chemical factors, 
which may interfere with the PCR analysis and, consequently, personal identification. Whole genome amplification (WGA) 
is a useful method to amplify genomic DNA from samples containing low quantity and poor quality of DNA, and it approach 
that shows promise to overcome the limited small fragments based upon random fragmentation by universal priming sites. In 
this study, we describe the use of WGA to genotype 15 short tandem repeat (STR) loci from dried blood samples irradiated 
with different types of ultraviolet (UV) light (UVA, UVB, and UVC). The result showed that UVC was the most damaging 
to DNA, followed by UVB and UVA. Samples exposed to UVA could be genotyped for all STR loci with or without WGA. 
For UVB and UVC irradiated blood samples, a greater number of STR loci could be genotyped after WGA. Although it 
hard to amplified a few higher molecular weight alleles, overall, the WGA method was useful in genotyping template DNA 
of poor quality but low quantity.
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Introduction

DNA polymorphism analysis is frequently used in forensic 
studies to identify potential suspects. Short tandem repeats 
(STRs) are the most commonly used genetic markers. Each 
individual carries a unique combination of alleles across pre-
defined set of STR loci, thus providing an exclusive genetic 
profile with a high power of discrimination. However, DNA 
samples collected as evidence from the crime scene are fre-
quently degraded because of environmental, physical, and 
chemical factors [1, 2] and cannot be used for PCR analysis. 

Additionally, the technical capacity to analyze samples con-
taining very few cells is often limited by the quality and 
quantity of DNA. Therefore the most important things is 
how many STR loci could be detected from the DNA of the 
crime scene. This may be due to a number of factors, the 
most common being the presence of PCR inhibitors and low 
copy number and/or damaged DNA template.

Ultraviolet (UV) light is a major factor affecting DNA 
quality [3, 4]. UV radiation is a part of the electromagnetic 
spectrum that reaches the earth from the sun and consists of 
three types of light with different wavelengths UVA, UVB, 
and UVC. The UVB and UVC are of shorter wavelengths 
and therefore more damaging. The predominant types of 
UV-induced DNA damage include base modifications, dou-
ble-strand breaks, and photoproducts. The mechanisms of 
DNA damage have largely been elucidated in living cells and 
cell-free systems [5]. Despite damage caused by UV irra-
diation, DNA remains a forensically relevant sample. DNA 
quality of a physiologically dried stain could be damaged in 
the same manner biochemically, although the kinetics and 
extent of the damage may vary with the nature of the sample.

Several methods have been developed to overcome prob-
lematic STR amplification from low copy number samples 
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[6, 7]. Whole genome amplification (WGA) is one such 
method, which involves random fragmentation of genomic 
DNA and the conversion of these fragments into PCR-ampli-
fiable sequences flanked by universal priming sites [8, 9]. 
Thus, WGA facilitates the amplification of genomic DNA 
from samples containing insufficient and fragmented tem-
plate. This method was specifically designed to amplify the 
DNA template in clinical studies, such as single cell analy-
sis, pre-implantation genetic diagnosis, and forensic DNA 
genotyping. WGA will improve the ability to generate full 
profile and / or increase the number of genotyped loci in par-
tial profiles from DNA samples exposed to UV irradiation.

Materials and methods

Collection and UV irradiation of blood samples

Blood samples were collected from 20 Japanese subjects 
by venipuncture, spotted onto sterilized cotton gauze, 
and allowed to dry at room temperature, thus mimicking 
bloodstains recovered from a crime scene. The dried blood 
samples were exposed to UVA (365 nm), UVB (302 nm), 
or UVC (254 nm) light in a UV cross-linker (Ultra Violet 
Products, Upland, CA, USA) at an intensity of 8.7 mJ/cm2 
under a 16 h light/8 h dark cycle. The irradiation cycles 
were repeated until no STR loci of the 15 analyzed were 
detectable. All samples were stored in the dark until PCR 
amplification.

DNA isolation

DNA from the dried blood samples was extracted using 
QIAamp DNA Blood Investigator Kit (Qiagen Inc., Valen-
cia, CA, USA). The isolated DNA samples were prepared 
for quantification using Qubit dsDNA HS Assay Kit (Life 
Technologies) and quantified using the Qubit 3.0 Fluorom-
eter (Life Technologies), according to the manufacturer’s 
instructions.

STR analysis

All the samples were processed using AmpFISTR® 
Identifiler® Plus PCR Amplification Kit (Applied Biosys-
tems) which contains 15 autosomal STR loci (D8S1179, 
D2S11, D7S820, CSF1PO, D3S1358, TH01, D13S317, 
D16S539, D2S1338, D19S433, vWA, TPOX, D18S51, 
D5S818 and FGA) and Amelogenin in accordance with the 
manufacturer’s instructions. PCR reactions contained 1 ng 
genomic DNA. Amplified fragments were detected using 
ABI Prism 310 capillary electrophoresis system (Applied 
Biosystems). STR analysis was conducted on DNA isolated 

from dried blood samples before and after UV irradiation 
for comparison of STR profiles.

Whole genome amplification

To genotype the STR loci from UV irradiated samples, DNA 
was subjected to WGA using GenomePlex® Complete WGA 
Kit (Sigma). The process of WGA involves random frag-
mentation of DNA followed by PCR amplification using 
universal primers. The DNA sample supplied in the kit as a 
positive control was used in all experiments. Serial dilutions 
of K562 DNA standard (Promega) (0.001, 0.01, 0.1, 1.0, 
and 10 ng) were used to determine the sensitivity of the kit.

STR analysis from WGA products

Products of WGA were purified using the GenElute PCR 
Clean-Up Kit (Sigma) to remove excess reagents, includ-
ing primers, nucleotides, and DNA polymerase, according 
to the manufacturer’s instructions. Purified WGA products 
were then subjected to STR genotyping as described above.

Results and discussion

STR genotyping of UV irradiated blood samples

The objective of this study was to determine the ability to 
generate useful STR profile from DNA exposed to differ-
ent types of UV irradiation. Incomplete STR profiles were 
detected in samples irradiated with 60 cycles of UVC, 75 
cycles of UVB, and 90 cycles of UVA (Fig. 1a), indicating 
that UVC was the most damaging, followed by UVB and 
UVA. Although more than 10 STR loci were detectable after 
90 cycles of UVA irradiation, none of the loci were detect-
able in UVC irradiated samples and less than half of the 
STR loci (7 of 15 loci) were detectable in UVB irradiated 
samples after 90 cycles. The number of detected STR loci 
gradually decreased with an increase in exposure number of 
exposure cycles.

STR genotyping after WGA​

Because UV irradiation damages DNA making it unusable 
for genotyping, we investigated whether DNA from UV irra-
diated samples could be successfully genotyped following 
WGA. Recently, several approaches and commercial kits 
have been developed for WGA, enabling DNA amplification 
from a small amount of template, such as that from a single 
cell [10, 11]. In this study, GenomePlex® Complete WGA 
Kit was used to amplify DNA from UV irradiated blood 
samples for STR genotyping. Testing the kit with serial dilu-
tions of the standard K562 DNA indicated that the kit was 
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able to generate amplicons from as little as 0.1 ng of DNA 
template (Fig. 2), and the resulting products could be used 
to genotype all 15 autosomal STR loci.

For UVA irradiated samples, all 15 STR loci could be 
PCR amplified and genotyped from their WGA products, 
regardless of the number of cycles of irradiation (Fig. 1b). 
However, fewer STR profiles could be detected in the WGA 
products of UVB and UVC irradiated blood samples. In the 
case of UVB irradiated samples, although the complete STR 
profile could be obtained from the WGA products of samples 
treated with 60 cycles of UVB, only 12 and 10 STR loci 
could be genotyped from samples exposed to 105 and 120 
cycles of UVB irradiation, respectively (Fig. 1b). In the case 
of UVC irradiated samples, no more than six STR loci could 
be genotyped from the WGA products of samples treated 
with 120 cycles of UVC (Fig. 1b).

In forensic cases, genotyping of STR loci is key to 
unambiguous identification of potential suspects. Accurate 
genotyping of at least 10 STR loci can assist in the iden-
tification of suspects in some forensic cases. Thus, WGA 
may assist in STR analysis of samples exposed to UVA and 
UVB irradiation. Further, we noted that loci with higher 
molecular weight (MW) are more prone to UV damage 
than those with lower MW. In the case of heterozygous 

loci, the peak representing higher MW allele was lost ear-
lier than the peak representing the lower MW allele of the 
same locus, which could withstand a few additional cycles 
of UVB irradiation. On the other hand, after damaged by 
UVB, some small peaks which were totally different from 
the control sample allele was observed. As showing in 
Fig. 3, allele 13 and 19 peaks were detected in D13S317 
and the D18S51 locus, it was analyzed at the very limit 
from an RFU (relative fluorescence units) level for a peak, 
but those peaks were not detected in the WGA.

Several factors affect DNA quality. In forensic cases, 
samples collected from a crime scene are commonly 
exposed to damaging factors, such as humidity, microbial 
and chemical contamination, and UV irradiation. A variety 
of lesions in the primary structure of DNA are indicative 
of damage, such as oxidation products, single or double 
strand breaks, UV-induced photoproducts, DNA or pro-
tein crosslinks, and chemically induced covalent adducts 
[12]. Several reports have described methods to repair 
the damaged DNA to ensure successful genotyping [13, 
14]. However, the potential of DNA repair and genotyp-
ing varies with the type and degree of DNA damage [15]. 
Although repaired DNA can be used for STR genotyping, 
the success of genotyping depends on the quantity of the 
template obtained [16].
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Fig. 1   Average number of detected STR loci from human bloodstains 
following UV irradiation. a Without WGA, b with WGA​
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Fig. 2   Yield following k562 DNA amplification using WGA​
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The method of WGA, unlike DNA repair, allows for 
the amplification of genomic DNA and has been success-
fully used for genetic profiling of samples containing frag-
mented DNA template in trace amounts [17, 18]. In this 
study, we were able to accurately genotype STR loci from 
the WGA products of K562 DNA standard at a concentra-
tion of 0.1 ng or higher. Although DNA quality may not 
be of concern in the case of standard DNA exposed to 
UV light, as high as 3 ng of DNA might still not be suf-
ficient for STR genotyping of blood samples subjected to 
prolonged UV exposure. This may be because of repeated 
lesions in DNA structure and/or insufficient DNA template 
because of UV irradiation, which might not be satisfactory 
for WGA.

Overall, WGA was not used to determine STR profiles 
but to increase probability of obtaining STR genotype 
from UV damaged DNA. Results showed that among 
samples exposed to UVA, the lost STR alleles can be 
recovered for all specimens after comparison with direct 
STR assay during full experiment period. In the case of 
UVB and UVC irradiated blood samples, except for a few 
high MW alleles, WGA improved the success of genotyp-
ing, thus proving to be a useful tool for genotyping DNA 
samples with poor quality but low quantity, such as those 
recovered from most crime scenes.
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