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Abstract
Forensic STR analysis is limited by the quality and quantity of DNA. Significant damage or
alteration to the molecular structure of DNA by depurination, crosslinking, base modification,
and strand breakage can impact typing success. The degree and spectrum of DNA damage
depends on the sample source, environmental conditions, and length of exposure time. Previous
research on DNA damage (and subsequent repair) has focused on damaging naked cell-line
DNA. However, since nuclear DNA in human cells is highly packaged and associated with a
variety of other molecules (e.g. histone proteins, phosphoproteins, RNA species), the current
study explored methods to damage DNA in its native complexed form. Generation of
significantly-damaged samples was challenging and required extensive periods of time and
substantial effort to accomplish. The conditions are described so that other researchers may be
able to generate sufficiently-damaged DNA for repair studies. The PreCR™ Repair Mix (New
England BioLabs) was used to attempt to repair damaged template DNA prior to its use in PCR.
Repair was performed on DNA from environmentally-damaged bloodstains, human skeletal
remains, and bleach-damaged whole blood. Although the PreCR™ Repair protocol improved the
performance of STR profiling of bleach-damaged DNA (and to a lesser extent environmentallydamaged DNA), the results were quite varied and unreliable. A modified PreCR protocol
outperformed the manufacturer-recommended approach, but still with inconsistent results and
only nominal increases in allele peak heights. For bone samples DNA repair showed no
improvements, presumably due to the multiple complex lesions that may exist in such samples.
Given that forensic samples may be damaged by multiple mechanisms and the quantity available
for testing often is limited, the use of PreCR should not be considered due to its variable and
unpredictable results. As an alternative to repair, whole genome amplification (WGA) was
pursued.The DOP-PCR method was selected for WGA because of initial primer design and
greater efficacy for amplifying degraded samples. The original DOP-PCR primer was modified
by removing the unnecessary restriction site and reducing the required bases on the 3′ end of the
primer. These modifications allowed for an overall more robust amplification of shorter
fragments from damaged samples, contemporary skeletal samples, and even Civil War era bone
compared with that obtained by standard DNA typing and a previously described DOP-PCR
method. Stochastic artifacts and contamination of DOP-PCR treated samples were nominal and
consistent with other LCN typing practices. These new DOP-PCR primers show promise for
WGA of degraded DNA.
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Executive Summary
Forensic STR analysis is limited by the quality and quantity of DNA extracted from
biological samples. Significant damage or alteration to the molecular structure of DNA by
depurination, crosslinking, base modification, and strand breakage can impact typing success.
The robustness and reliability of DNA analysis is directly related to the quantity and quality of
the template available for testing. Methods are needed that can increase the number of viable
template molecules for DNA typing of challenged samples.
The degree and spectrum of DNA damage depends on the sample source, environmental
conditions, and length of exposure time. Two approaches were considered to address damaged
DNA: 1) Repair damaged DNA and 2) Amplify the limited remaining intact (non-damaged)
DNA such that sufficient target DNA is available for STR typing. This project explored
protocols to degrade or damage DNA in its native complexed state; determined the best
method(s) for generating a pool of compromised samples that would approximate the types of
damage encountered in forensic casework samples; evaluated the efficacy of in vitro DNA repair
and whole genome amplification (WGA) with these intentionally-damaged forensically-relevant
samples, as well as with some Civil War era bone samples; compared the effectiveness of in
vitro DNA repair to WGA, and determined which method would be more successful for
improving STR typing results with degraded and/or low-copy (LCN) templates; and sought to
identify novel artifacts produced with these methods (e.g. stutter products, allele drop-in, offladder alleles, incomplete adenylation), and determine if their presence impacts the ability to
interpret resultant STR profiles any differently than encountered with current DNA typing
methodology.
The extensive spectrum of DNA damage and the nearly limitless combinations of lesions
that can be present in any particular sample pose a unique challenge for forensic analyses.
Mechanisms for generating DNA damage were studied. Previous research on DNA damage (and
subsequent repair) generally has focused on damaging naked DNA. However, nuclear DNA in
human cells is highly packaged and is associated with a variety of other molecules, such as
histone proteins, residual proteins, phosphoproteins, RNA species, and lipids. When complexed
with these other compounds, DNA is more resilient to the effects of environmental insults.
Hence, the manner or degree in which damage occurs to DNA in its native complexed form is
likely quite different than in its “naked” counterpart. Aside from the inherent limitations of repair
investigations on naked cell-line moieties that arise and are stored in a controlled environment,
previous studies often have involved inducing and repairing only a single type of lesion at a time
in DNA. Authentic forensic samples, in contrast, likely contain a number of different lesions.
Therefore studies were undertaken first to damage DNA in its native complexed form. Single
lesions or multiple lesions (the latter more likely to approximate real casework) were generated
via the Fenton reaction, treatment with potassium permanganate (KMnO4), acid/heat treatment,
peroxide-based laundry stain remover, bleach immersion, and environmental exposure.
Generation of significantly-damaged samples was challenging and required extensive
periods of time and substantial effort to accomplish. For each of the methods employed in this
study to degrade DNA, noticeable decreases in RFU peak heights and/or allele dropout
(compared to non-damaged controls) were used as rough indicators that damage had occurred.
The conditions are described so that other researchers may be able to generate sufficientlydamaged DNA for repair studies. The impact of repair was determined primarily by STR typing
success and allele peak height.
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After identifying methods that were successful in causing damage to DNA in its native
state, repair protocols were investigated to assess their ability to improve obtaining STR profiles
from degraded or LCN samples. The PreCR™ Repair Mix (New England BioLabs) was used to
attempt to repair damaged template DNA prior to its use in PCR. Research studies by the
manufacturer suggested that this enzyme cocktail can repair a broad range of DNA
damages/lesions, including those that block or inhibit PCR (e.g. apurinic/apyrimidinic sites,
thymine dimers, nicks and gaps) and those that are mutagenic (e.g. deaminated cytosine and 8oxo-guanine). The PreCR™ Repair Mix also is capable of removing a variety of moieties from the
3´end of DNA leaving a hydroxyl group. In addition, the PreCR™ kit contains bovine serum
albumin (BSA), a reagent known to mitigate the effects of several PCR inhibitors. Repair
treatment was performed on DNA from environmentally-damaged bloodstains, human skeletal
remains, and bleach-damaged whole blood. The PreCR™ Repair protocol did show a trend of
improvement of the performance of STR profiling of bleach-damaged DNA (and to a lesser
extent environmentally-damaged DNA), although the results were quite varied and unreliable,as
well as not significantly different. Bleach [sodium hypochlorite (NaOCl)] primarily generates
oxidative damage in DNA. Hence, successful repair of this type of lesion was consistent with
previous studies involving repair of a singular, sequestered damage. A modified PreCR
protocol outperformed the manufacturer-recommended approach for bleach-damaged samples,
but still with inconsistent results and only nominal increases in allele peak heights. For
environmentally-damaged DNA in bloodstains and bone, the utility of DNA repair was not
practical. Lack of successful repair in these types of samples presumably is due to the multiple
complex lesions present in such samples and the DNA repair enzyme cocktail’s inability to
sufficiently overcome those lesions. The PreCR™ Repair Mix does have limitations. It does not
repair 8-oxo-7,8-dihydro-2'deoxyadenosines or fragmented DNA (double-strand breaks), nor
does it fix DNA-DNA or DNA-protein crosslinks. Additionally, although the ligase present in
the mix is very effective at sealing nicks in DNA, it does not successfully ligate blunt ends or
nicks near a mismatch.
Results to date indicate that the PreCR™ Repair assay holds some promise for improving
STR typing of bleach-damaged DNA, although further studies are needed before its
implementation into forensic casework could be considered. One important consideration is that
UV-crosslinking and bleaching of laboratory workspaces, instruments, and plasticware are
currently the standard practices for destroying exogenous/extraneous DNA molecules prior to
DNA extraction or PCR amplification. Since the PreCR Repair Mix can repair both UVcrosslinked and bleach-damaged DNA, it also may restore exogenous DNA that was
intentionally destroyed during standard decontamination procedures. Thus, extra caution will be
needed if repair is used. Furthermore, while standard decontamination methods remove naked
DNA, such methods may not be sufficient at decontaminating DNA in cells or DNA complexed
with cellular materials. Our studies suggest that a fruitful area of practical research may be
effective decontamination practices from all source types of DNA (i.e. native DNA).
The repair assay did not significantly improve DNA profiles from environmentallydamaged bloodstains or bone (and in some cases resulted in lower RFU values for STR alleles),
leaving its utility with these types of samples in question. Ultimately, the collective results from
studies with environmentally-damaged bloodstains and skeletal remains suggest that the
complexity and degree of damage dictates the efficacy of repair. Given that forensic samples
may be damaged by mutiple mechanisms resulting in a variety of lesions, and since the quantity
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available for testing often is limited, the use of PreCR should not be considered at this time due
to its variable and unpredictable results.
Repair protocols focus on restoring fragmented or otherwise degraded DNA, and
because of the possibility that repair protocols may not be able to overcome all lesions, alternate
approaches are needed to increase template for typing challenged samples. As an alternative to
repair, WGA was pursued. Ideally, WGA targets and copies all intact DNA in an unbiased
manner to generate more template DNA. WGA methods were first described in the early 1990s,
and a variety of approaches have emerged that tout their ability to amplify microgram quantities
of genomic DNA from limited sources. Early WGA methods were used primarily on limited
clinical specimens for medical diagnostics, genetic testing, and genomic research, and the
amounts of template required were generally much higher than used for forensic analyses. The
applicability of WGA methods to forensic analyses would be desirable if the amount of required
initial template and the length of template fragments can be reduced.
The amplification of low quantities of DNA can be particularly relevant in forensic DNA
analyses, where the availability of sufficient quantities of DNA is critical for the success of STR
genotyping and other downstream applications. While early WGA technologies were used
primarily on limited clinical specimens for medical diagnostics, genetic testing, and genomic
research, interest in the applicability of these methods to forensic analyses has increased and
WGA continues to be explored as a tool for improving the possibility of obtaining genetic data
from degraded samples.
WGA technology can be divided essentially into two categories: multiple displacement
amplification (MDA) and methods involving variations of PCR. MDA has been shown to
produce complete genomic DNA amplification with low amplification bias. The high fidelity of
the 29 DNA polymerase used in MDA results in accurate genotyping. However, the success of
MDA is highly dependent on the starting quantity and quality of DNA template used in the
reaction, which limits the applicability of this method with the types of samples typically
encountered in forensic casework. The source and quality of DNA must be considered in the
choice of WGA methodology to be used. Therefore, DOP-PCR was selected because of initial
primer design and greater efficacy for amplifying degraded samples. The defined sequences at
both the 5' and 3' ends of the DOP-PCR primer are important for efficient and successful WGA.
The original DOP-PCR method is comprised of two separate cycling stages, a low-stringency
phase followed by a high-stringency reaction. Initial low-stringency cycles ensure annealing of
the 6-bp 3' defined sequence to complementary sites in the genome. The adjacent random
hexamer sequence (that contains all possible combinations of dNTPs) then can bind and start the
DOP-PCR-based WGA reaction. The 10-bp 5' defined sequence reportedly permits efficient
annealing of primers to previously-amplified DNA, allowing a higher annealing temperature to
be used in subsequent (high-stringency) PCR cycles.
The original DOP-PCR primer was modified by removing the unnecessary restriction site
and reducing the required bases on the 3′ end of the primer. Seven different DOP-PCR primers
(six modified and the original published primer) and two different variations in DOP-PCR
thermal cycling parameters were tested. Initial results demonstrated that the six modified DOP
primers outperformed the original/traditional DOP primer in terms of increased RFU levels,
recovery of alleles, and number of artifacts observed (data not shown). For this reason, the study
proceeded with focus on three of the modified primers (i.e. the best performing with regard to
STR typing). These changes to the primer allowed for an overall more robust amplification of
shorter fragments from environmentally-damaged human bloodstains, human skeletal remains,
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and even Civil War era bone samples over that obtained by standard DNA typing and a
previously described DOP-PCR method.
The re-design of DOP-PCR primers was hypothesized to improve typing success of
degraded DNA and the data support that prediction. The original primer (and 10N dcDOP
primer) contained a restriction site because cloning of fragments was desired in the original
study. Thus, the restriction site in itself does not contribute to the amplification success and can
be removed. If removed, there is more flexibility in primer design. In addition, the original
primer (i.e. 3′ end of the primer) design will identify on average a site in the genome
approximately every 4000 bases. Thus, the original primer could be effective for relatively intact
DNA; however, forensic samples may be degraded and such long fragments may not be
available for DOP-PCR. The newly-designed primers are designed to sit on average
approximately every 256 bases and thus could amplify shorter fragments.
The WGA methods employed in the studies herein increased the sensitivity of detection
of DNA typing. However, as with any samples with low amounts of template DNA that are
subjected to increased sensitivity of detection analyses, exaggerated stochastic effects were
observed. These effects manifested as heterozygote allele peak height imbalance, allele dropout,
and increased stutter. Also, allele drop-in was observed. These properties are inherent in low
template or LCN typing assays and are not novel observations. Importantly, though, no new
artifacts were observed. Such effects, however, will impact the ability to interpret results and
apply reliable statistical assessments. On the positive side, stochastic artifacts and contamination
of DOP-PCR treated samples were nominal and consistent with results from other LCN typing
practices. These new DOP-PCR primers could be useful for whole genome amplification of
degraded DNA. Statistical models that incorporate uncertain events (e.g., peak area/height, dropin, dropout, stutter etc.) have been proposed to assess the probability of observed results (for
example, see 46). Studies to quantify the uncertain events effectively are needed to employ a
statistical model.
Ultimately, forensic samples can experience destructive taphonomic conditions, and thus
have often endured extensive microbial and environmental insults. Consequently, the DNA in
these environmentally-damaged samples frequently contains multiple complex lesions and may
be highly fragmented. Previous studies on repairing DNA focused primarily on damaging
extracted or naked DNA. We focused on damaging DNA in its native state. This endeavor
entailed extensive studies on conditions to damage DNA while it is still complexed with other
cellular molecules. Conditions are described in this report on how to damage such DNA and
these can serve as a guide for others who desire to study DNA damage and repair.
The PreCR™ Repair Mix appeared to be challenged by myriad states of DNA damage that
may be encountered in forensically-relevant samples. Considering that the amount of sample
available in forensic cases is often limited, using 10-20l of this valuable extract for PreCR
repair seems to be premature for casework applications, given the assay’s varied results.
However, additional strategies do exist for potentially improving STR profiles of degraded
and/or low-copy templates. Our assessment is that the unpredictable and variable results
obtained in our PreCR DNA repair experiments indicate that it is more prudent to focus on
amplifying existing intact template in low-copy or degraded samples as opposed to trying to
repair damage.
Our findings suggest that WGA by DOP-PCR is a more fruitful avenue for analyzing
challenged samples than attempting DNA repair. DNA repair suffers from the enzyme cocktail’s
inability to comprehensively address the variety of DNA damage or lesions that may be
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encountered in forensic samples. In addition, controls do not exist for monitoring that the
enzymes are functional. So DNA repair studies may fail because of quality control issues of
reagents. We were successful in using a modified DOP-PCR to improve STR profiling of
damaged DNA from environmentally-exposed bloodstains and skeletal remains. Rather than a
prior recommendation not to exceed 100pg of input DNA because of observed excessive
artifacts, our results (using a different primer design) indicated that up to 1ng of template can be
added without production of excessive artifacts in the resultant electropherograms (especially
when the candidate samples are severely degraded and have previously produced very low signal
or partial profiles). Future investigations might involve comparing results obtained from these
DOP-PCR studies to a 2008 Cold Spring Harbor protocol (which involves “re-charging” the lowstringency PCR product with additional reagents before proceeding with high-stringency thermal
cycling). It has been purported that addition of a newly-prepared master mix of PCR reagents to
the low-stringency WGA product is necessary to provide sufficient resources for subsequent
high-stringency cycles (i.e. because some of these reagents may have been depleted/exhausted
during the first 5 cycles, thereby limiting the amount of product that can be produced in the
second phase of DOP-PCR). Large sample studies will be needed to estimate, if feasible, the
rates of drop-in, dropout, and increased stutter if a statistical model is to be applied to WGA
treated samples.
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I.

Introduction
Forensic STR analysis is limited by the quality and quantity of DNA extracted from
biological samples. Significant damage or alteration to the molecular structure of DNA is
problematic because polymerases stall at damaged/altered sites, preventing amplification (and
therefore analysis) of target loci. In order to assess potential strategies for improving STR typing
of degraded samples, it is necessary to understand the nature and variety of DNA damage, as
well as the conditions that cause it. Although the mechanisms of DNA damage can be divided
into four major categories (depurination, crosslinking, base alteration, and strand breakage), the
molecular chemistry of the resultant nucleic acid modifications is quite complex and the variety
of possible lesions in any given sample is almost limitless. Moreover, the degree and spectrum of
DNA damage (as well as its rate of incidence) depends largely on the sample source, the
environment to which it was exposed, and the length of exposure time.
Types of DNA damage
A major consideration in understanding DNA’s susceptibility to damage is to
acknowledge the inherent instability of the DNA molecule itself, which is largely due to the fact
that an aqueous environment favors the hydrolysis of polynucleotides. This aqueous environment
exists naturally within the cell, and also can be derived from moisture in the external
environment. Aside from the molecule’s propensity to be hydrolyzed in the presence of water,
DNA is subject postmortem to enzymatic and chemical damage by endonucleases and free
radicals that are naturally produced by the cell (30,33). These free radicals, known as reactive
oxygen species (ROS) and reactive nitrogen species (RNS), are chemical intermediates generated
during the course of a cell’s normal metabolic activity (i.e. they are a consequence of aerobic
metabolism, in which inhaled oxygen is converted to highly reactive intermediates). In vivo, the
harmful effects of these highly reactive intermediates are mitigated by enzymatic pathways (e.g.
superoxidase dismutase, catalase) and by nonenzymatic mechanisms involving antioxidants.
However, when a cell dies, these free radicals immediately attack biomolecules such as DNA
and can induce significant damage (31,32).
In addition to postmortem damage caused by endogenous enzymes and free radicals,
DNA is prone to depurination (and to a lesser extent depyrimidination) when exposed to high
temperatures and acidic pH levels. Depurination (or depyrimidination) occurs when the
glycosidic bond between a 5-carbon sugar (deoxyribose) and a nitrogenous base is hydrolyzed,
leading to the formation of an abasic or apurinic (AP) site (Figure 1). The presence of these AP
sites results in loss of primary sequence information, and polymerases stall at these regions
during PCR (thereby inhibiting amplification of that region of DNA). Additionally,
accumulation of AP sites destabilizes the DNA backbone, leading to strand breaks (35).

Figure 1: Illustration of an abasic (AP) site, a type of DNA
damage caused by cleavage of the glycosidic bond between
deoxyribose and the nitrogenous base of a nucleotide. This type of
damage occurs when DNA is exposed to high heat/acidic pH
conditions. Image modified from (52).
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Besides hydrolysis of glycosidic bonds and the subsequent generation of abasic (AP)
sites, another type of damage involves cleavage of phosphodiester bonds in the backbone of
DNA. The phosphodiester bond is a covalent linkage between the phosphate of one nucleotide
and the hydroxyl (OH) group attached to the 3′ carbon of deoxyribose in another nucleotide,
forming what is known as the “sugar-phosphate” backbone of DNA. Hydrolysis of
phosphodiester bonds results in DNA strand breaks, which can be present only on one strand
[single-strand breaks (SSBs)] or adjacently on both strands [double-strand breaks (DSBs)]
(Figure 2). These strand breaks can be caused by a variety of factors, including UV radiation,
oxygen radicals (ROS), excessive heat, alkylating agents, environmental chemicals, and
postmortem endonuclease activity (30,36). DNA in ancient and forensic samples is often highly
fragmented, and this fragmentation significantly hinders the success of PCR amplification and
restricts the size (length) of target loci that can be examined. For successful amplification to
occur, both the target region and its associated primer-binding sites must be intact (2,38).
Figure 2: Fragmentation occurs when the
phosphodiester bonds are broken in the sugarphosphate backbone of DNA, resulting in a
single-strand break (SSB) or a double-strand
break (DSB), as shown in this diagram. Strand
breaks are caused by a variety of factors and
inhibit successful PCR amplification. Image
modified from (51).

Exposure to solar UV radiation can generate several different types of damage in the
DNA molecule. Although ultraviolet radiation consists of UV-A, UV-B, and UV-C rays, the
latter is absorbed by the atmosphere and therefore is not likely to cause substantial damage to
DNA (1,9). The UV-A and UV-B rays cause indirect and direct DNA damage, respectively.
UV-A rays create free radicals that then cause indirect damage to the DNA molecule (e.g. bond
hydrolysis, base modifications), while UV-B rays result in crosslinking. Crosslinks are covalent
linkages between nucleobases on the same DNA strand (intrastrand crosslinks) or between bases
on opposite strands (interstrand crosslinks) (Figure 3), and can also form between DNA and
proteins.
Figure 3: Graphical representation of an A) interstrand
crosslink and B) intrastrand crosslink, two types of DNA
damage that can be induced by exposure to sunlight,
formalin/formaldehyde, or environmental alkylating agents.
Image modified from (53).

The most common types of intrastrand crosslinks induced by UV radiation are cyclopyrimidine
dimers (CPDs) (e.g. thymine dimers) and 6-4 photoproducts (Figure 4). Regardless of their
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origin, the presence of crosslinks can cause a physical deformation or kink in the double helix.
Polymerases stall at intrastrand crosslinks, and interstrand crosslinks are problematic because
they inhibit denaturation of the double helix (which is the necessary first step in PCR
amplification) (30,33,34). It is important to note that there are other causes of crosslinking
besides ultraviolet radiation. Exposure to formalin or formaldehyde (e.g. in the case of medical
or museum specimens) also can cause crosslinking, as well as exposure to environmental
alkylating agents (which are ubiquitous in nature) (30,36,37).

Figure 4: Diagram of the most common forms
of intrastrand crosslinks in DNA, induced by
exposure to UV radiation (30,43). Image
modified from (54).

Finally, in addition to depurination, crosslinking, and strand breakage, there are various
mechanisms that can alter or modify DNA nucleobases, including deamination, oxidation, and
alkylation. These chemical processes convert standard Watson-Crick nucleobases into modified
versions that are unrecognizable by polymerases (thus inhibiting PCR). One of the major types
of base modification occurs through a process called deamination, in which the amino group is
removed from the base. Some of the most common forms of deaminated bases include
conversion of adenine to hypoxanthine, cytosine to uracil, 5-methylcytosine to thymine, and
guanine to xanthine (Figure 5) (30,36).
Figure 5: Examples of common base modifications
resulting from deamination: conversion of cytosine
to uracil (top) and 5-methylcytosine to thymine
(bottom). Other examples (not shown) include
deamination of adenine to hypoxanthine, and
guanine to xanthine. These modified bases are noncoding derivatives that are not recognized by
polymerases during PCR. Image modified from
(54).

12
This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

Similar to deamination, oxidative damage can occur to DNA bases, resulting in noncoding derivatives. Generally caused by endogenous ROS, chemicals, or free radicals in the
environment, oxidation involves the formation of saturated pyrimidine rings and loss of the
double bond between carbons 5 and 6. One of the most common types of oxidative damage in
DNA involves conversion of guanine to 8-oxoguanine (Figure 6) (44). Alkylating agents
provide another means of base modification, primarily resulting in the attachment of methyl- or
other alkyl groups to the N- and O- atoms of DNA bases. These alkylating agents are produced
endogenously during cellular metabolism and are ubiquitous in nature (i.e. found in air, water,
and food, although generally in small concentrations). Variation exists in alkylation patterns
because the exact pattern exhibited depends upon the precise alkylating agent (or agents)
involved. Alkylated bases are especially problematic because they are prone to spontaneous
depurination and hydrolysis, and secondary damage (e.g. strand breaks, crosslinks) often
accompanies the presence of alkylation adducts (30,45).

Figure 6: One of the most common
modifications to a DNA base via oxidative
damage: conversion of guanine to a noncoding 8-oxoguanine derivative. Image
modified from (55).

Ultimately, the extensive spectrum of DNA damage and the nearly limitless combinations
of lesions that can be present in any particular sample pose a unique challenge for forensic
analyses. Table 1 provides a summary of the principal causes/sources of DNA damage and a
synopsis of the major types of lesions that occur in forensic and ancient samples. In addition to
the challenge of overcoming degradation and low-copy number (LCN), compounds that inhibit
PCR amplification can be co-purified with extracted DNA and present further complications for
analysis.

Sources of DNA Damage

Types of DNA Damage

"Inherent instability" (aqueous environment)
Abasic/apurinic (AP) sites (depurination)
Endogenous cellular enzymes (endonucleases)
Single-strand breaks (SSBs)
Excessive heat and humidity
Double-strand breaks (DSBs)
Acidic pH levels
Interstrand & Intrastrand crosslinks
DNA-protein crosslinks
Exposure to UV light
Deaminated bases (e.g. cytosine  uracil)
Environmental chemicals
Oxidized bases (e.g. 8-oxoguanine)
Geochemical properties of soil (e.g. humic acids)
Alkylated bases
Microorganism digestion (bacteria, fungi)
Table 1: Synopsis of the principal sources of DNA damage and major types of DNA lesions.
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DNA Repair
Given the prevalence of degradation in forensic and ancient samples, the study of DNA
damage and its potential for repair has become an important research topic. Previous research on
DNA damage (and subsequent repair) focused on exposing cell-line DNA to a variety of
chemical agents in an effort to induce lesions similar to those that might occur in nature. In these
studies, cell-line DNA typically is extracted and purified prior to being subjected to conditions in
the laboratory that generate damage. In human cells, however, nuclear DNA is not a “naked”
molecule. It is a supercoiled structure that is highly “packaged” into chromatin and is always
associated with a variety of other molecules (such as histone proteins, residual proteins,
phosphoproteins, RNA species, and lipids). Hence, the manner or degree in which damage
occurs to DNA in its native complexed form is likely quite different than in its “naked”
counterpart. Aside from the inherent limitations of repair investigations on naked cell-line
moieties that arise and are stored in a controlled environment, previous studies often have
involved inducing and repairing only a single type of lesion at a time in DNA. Authentic forensic
samples, in contrast, likely contain a number of different lesions.
There is scant information in the literature on how to effectively damage DNA in a
controlled manner when the DNA is complexed with proteins and other materials (i.e. in its
native state in a cell). Previous studies on environmental damage to DNA have involved setting
blood samples in windowsills or in glass containers that are placed outdoors (1,2). However,
these studies have not been very successful in inducing significant DNA damage, which likely is
due to several factors. First and foremost, the most common types of glass used in residential
and commercial buildings are manufactured with three “architectural” purposes in mind ---- (a)
to provide a view, (b) to protect from the outside elements (weather), and (c) to enable visible
light transmittance to the interior of the building. According to a 2006 study, clear window glass
transmits up to 90% of visible light but only allows up to 72% of ultraviolet (UV) light to pass
through (9). Since UV light is the component of solar radiation that is known to cause DNA
damage, the photoprotection afforded by common window glass may explain in part the inability
to cause significant damage in bloodstains that are placed behind or underneath such a barrier.
Furthermore, when bloodstains are placed in a windowsill behind a glass pane, they are typically
only exposed to average room temperatures (18-22C) and low relative humidity levels (5565%). However, research has indicated that elevated temperature and humidity increase the
degrading effects of UV light on DNA (5).
There are several commercially-available products that have the potential to improve
STR typing from degraded or low-copy (LCN) samples. One of the most promising is the
PreCR™ Repair Mix (New England BioLabs), an enzyme cocktail formulated to repair damaged
template DNA prior to its use in PCR (Table 2).

PreCR Repair Enzymes (NEB)
Taq DNA ligase
E.coli Endonuclease IV
Bst DNA Polymerase I
E.coli Fpg (formamidopyrimidine [fapy]-DNA glycosylase)
E.coli Uracil-DNA Glycosylase (UDG)
T4 PDG (T4 Endonuclease V)
E.coli Endonuclease VIII

Table 2: List of the seven DNA repair
enzymes contained in New England
BioLabs’ PreCR Repair Mix.
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Research studies by the manufacturer have suggested that this enzyme cocktail can repair
a broad range of DNA damages/lesions, including those that block or inhibit PCR (e.g.
apurinic/apyrimidinic sites, thymine dimers, nicks and gaps) and those that are mutagenic (e.g.
deaminated cytosine and 8-oxo-guanine). The PreCR™ Repair Mix also is capable of removing a
variety of moieties from the 3´end of DNA leaving a hydroxyl group. In addition, the PreCR™ kit
contains bovine serum albumin (BSA), a reagent known to mitigate the effects of several PCR
inhibitors. However, despite these extensive repair capabilities, the PreCR™ Repair Mix does
have limitations. It does not repair 8-oxo-7,8-dihydro-2'deoxyadenosines or fragmented DNA. In
fact, the ligase present in the mix is very effective at sealing nicks in DNA but does not
successfully ligate blunt ends or nicks near a mismatch (28). A few recent studies have
evaluated the ability of PreCR to repair isolated lesions in DNA (2,4). Although these research
findings demonstrated that UV-crosslinks, AP sites, and oxidized bases could effectively be
repaired with PreCR, the samples used in both studies were artificially damaged under
controlled conditions in a laboratory. Hence, the utility of the PreCR Repair Mix with
authentic forensic samples that have been damaged by a variety of environmental insults needs to
be further investigated.

Whole Genome Amplification (WGA)
Repair protocols focus on restoring fragmented or otherwise degraded DNA, and because
of the possibility that repair protocols may not be able to overcome all lesions, alternate
approaches are needed to increase typing capabilities on damaged DNA. Whole genome
amplification (WGA) may target and copy any remaining undamaged/intact DNA in a sample.
WGA methods were first described in the early 1990s, and a variety of approaches have emerged
that tout their ability to amplify microgram quantities of genomic DNA from limited sources (1214). This amplification of low quantities of DNA is particularly important in forensic DNA
analyses, where the availability of sufficient quantities of DNA is critical for the success of STR
genotyping and other downstream applications. While early WGA technologies were used
primarily on limited clinical specimens for medical diagnostics, genetic testing, and genomic
research, interest in the applicability of these methods to forensic analyses has increased and
WGA continues to be explored as a tool for improving the possibility of obtaining genetic data
from degraded samples.
WGA technology can be divided essentially into two categories: multiple displacement
amplification (MDA) and methods involving variations of the PCR (17). MDA has been shown
in numerous studies to produce complete genomic DNA amplification with low amplification
bias. The high fidelity of the 29 DNA polymerase used in MDA results in accurate genotyping
(14-16). However, the success of MDA is highly dependent on the starting quantity and quality
of DNA template used in the reaction, which limits the applicability of this method with the
types of samples typically encountered in forensic casework. Established MDA protocols and
commercially-available MDA kits (GenomePlex, GenomiPhi) recommend input quantities of
DNA in the 10-100ng range, and although these reactions are tolerant to mild-to-moderate DNA
degradation, the presence of moderate-to-severe degradation significantly affects MDA
efficiency. In contrast, PCR-based WGA methods are affected less by DNA quantity or quality,
and thus hold more potential as a tool for working with Low copy number (LCN) and degraded
templates (12,13,18,19).
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Ultimately, the source and quality of sample from which DNA is extracted must be
considered in the choice of WGA methodology to be used. Since MDA requires high-quality,
high-molecular-weight DNA (usually 2kb) to be successful, it is not a suitable approach to use
with forensically relevant samples. Instead, the goal of this project is to evaluate the efficacy of
two widely-used PCR-based WGA methods, either degenerate-oligonucleotide-primed PCR
(DOP-PCR) or improved primer-extension pre-amplification PCR (iPEP-PCR). These PCRbased WGA methods provide the advantage of efficiently amplifying very short DNA templates
and offer the possibility of generating microgram quantities of genome-representative DNA from
picogram or nanogram amounts of starting material (17, 20). Thus, PCR-based WGA methods
are preferred over MDA for forensic applications. WGA by degenerate-oligonucleotide-primed
PCR (DOP-PCR) was selected for further study because of the initial primer design.
DOP-PCR was described first in 1992 as a method that provides complete genome
coverage in a single reaction (12). In contrast to the pairs of target-specific primers used in
traditional PCR, only a single primer is used in DOP-PCR. The original DOP-PCR primer (5'CCGACTCGAGNNNNNNATGTGG-3') has defined sequences at both the 5' and 3' ends, with
a random hexamer sequence between them. The 10-bp defined sequence at the 5' end of the
oligonucleotide contains a 6-bp XhoI restriction site that was originally incorporated for use in
downstream cloning experiments.
According to Telenius et al. (12), the defined sequences at both the 5' and 3' ends of the
DOP-PCR primer are important for efficient and successful WGA (12). The original DOP-PCR
method is comprised of two separate cycling stages, a low-stringency followed by a highstringency reaction. Initial low-stringency cycles ensure annealing of the 6-bp 3' defined
sequence to approximately 106 complementary sites in the human genome. The adjacent random
hexamer sequence (that contains all possible combinations of dNTPs) can bind and start the
DOP-PCR-based WGA reaction. The 10-bp 5' defined sequence reportedly permits efficient
annealing of primers to previously-amplified DNA, allowing a higher annealing temperature to
be used in subsequent (high-stringency) PCR cycles.
A 2009 study investigated the effects of increasing the degeneracy of the original (6N)
DOP-PCR primer to 10N and 16N, by removing the first 4 bp of the 5'defined sequence (leaving
only the XhoI restriction site) and by completely removing the 10-bp 5' defined sequence,
respectively (23). Results demonstrated that both the 10N and 16N primers outperformed the
original 6N primer in terms of improving the quality of STR profiles obtained from low-copy
and degraded samples. However, given the previous assertion that the 5' defined sequence is
crucial for efficient annealing of the primer to low-stringency DOP-PCR WGA products --- and
because downstream cloning experiments are not a typical part of processing forensic casework
samples --- a major goal of the current project is to assess the efficacy of four modified versions
of the original DOP-PCR primer that retain at least a portion of the 5' defined sequence and alter
the number of bases on the 3' end.
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Project Goals
 Explore a variety of protocols that degrade or damage native DNA, and determine the best
method(s) for generating a pool of compromised samples that realistically emulate those
encountered in forensic casework
 Evaluate the efficacy of in vitro DNA repair and whole genome amplification (WGA) with
forensically-relevant samples
 Compare the effectiveness of in vitro DNA repair to WGA, and determine which method is
more valuable to the forensic community for improving STR typing results with degraded
and/or low-copy (LCN) templates
 Identify/develop optimal in vitro DNA repair and/or WGA approaches for use with degraded
and LCN samples
 Monitor artifacts produced during these methods (e.g. stutter products, allele drop-in,
off-ladder alleles, incomplete adenylation), and assess how their presence impacts the ability to
interpret resultant STR profiles accurately
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II.

Materials and Methods

Generation of Damaged/Compromised Samples
Oxidative Damage to DNA in Whole Human Blood via Fenton Reaction and Treatment with
Potassium Permanganate (KMnO4)
In the initial Fenton reaction protocol, a 100l working solution of Fe-EDTA (9mM18mM) was made by diluting 0.5M EDTA and 0.37M iron chloride (FeCl3) in molecular grade
H20. 1 ml of 30mM hydrogen peroxide (H202) was prepared on ice by adding 3.4l of 30% H202
(8.8M) stock to 1ml of molecular grade H20. 18 l of molecular grade water and 5l Fe-EDTA
(9mM-18mM) were added to sterile microcentrifuge tubes, followed by the addition of 3l of
whole human blood (collected via fingerstick with BD Microtainer contact-activated lancets).
The 30mM H202 solution (4l) was added last to start the Fenton reaction, for a total reaction
volume of 30l.
In the second round of Fenton reaction experiments, the concentrations of the Fe-EDTA
and H202 solutions were increased five-fold to 45mM-90mM and 150mM, respectively. 18 l of
molecular grade water and 5l Fe-EDTA (45mM-90mM) were added to sterile microcentrifuge
tubes, followed by the addition of 3l of whole human blood (collected via fingerstick with BD
Microtainer contact-activated lancets). The 150mM H202 solution (4l) was added last to start
the Fenton reaction, for a total reaction volume of 30 l.
For the potassium permanganate trials, a 100mM KMnO4 solution was prepared and
stored in the dark. 27 l of the 100mM KMnO4 solution and 3l of whole human blood were
added to sterile microcentrifuge tubes and vortexed to thoroughly mix the blood with the
damaging agent. A more concentrated KMnO4 solution (500mM) was prepared for additional
experimentation using the same 30l total reaction volume (27l of 500mM KMnO4 and 3l of
whole human blood).
All samples were incubated on a heat block at 37C for various time intervals (60
minutes, 120 minutes, 6 hours, 12 hours, 24 hours, and 48 hours). After each respective
exposure period, DNA extractions were carried out using the QIAamp DNA Investigator Kit
(Qiagen Cat.#56504).
Depurination of DNA in Human Blood Samples
Depurination buffer (10X) was prepared by combining 0.2ml of 5M sodium choride,
0.1ml of 1M sodium phosphate, 0.2ml of 0.5M sodium citrate, and 9.5ml of ddH20 (total volume
= 10ml). The pH of the buffer solution was adjusted to 4.8 with hydrochloric acid (HCl). A
portion of the 10X stock was diluted to generate a 1X solution. Depurination experiments were
conducted both on liquid blood samples and with dried bloodstains.
To depurinate DNA in liquid blood, 47l of each buffer solution were added to sterile
microcentrifuge tubes. 3 l of whole blood (collected with BD Microtainer contact-activated
lancets) were pipetted directly from the donor’s finger into tubes containing the
respective depurination buffer solutions. The tubes were capped, vortexed, and incubated at 70C
on a VWR digital heatblock for 48 hours, 96 hours, and 120 hours.
For depurination of DNA in dried bloodstains, 3l of whole blood (obtained via
fingerstick) were pipetted onto sterile glass microscope slides and allowed to dry in a hood.
After drying, 47l of each of the depurination buffer solutions (10X and 1X) were pipetted
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directly onto the dried bloodstains. The microscope slides were placed in an incubator at 70C
for 48 hours, 96 hours, and 120 hours. The total reaction volume for both experiments was 50l.
Post-incubation, each sample was extracted using the QIAamp DNA Investigator Kit (Qiagen
Cat.#56504).
Oxidative Damage via Peroxide-based Stain Remover
To simulate the manner that this product might be used in a washing machine to
eliminate bloodstains from clothing or bedding, two protocols were developed. In the first
protocol, 5µl of whole blood were added to 45µl of a 10% OxiClean® solution (50µl total
reaction volume) in a microcentrifuge tube and mixed thoroughly. Samples were incubated at
room temperature for 30-minute and 60-minute intervals, with periodic vortexing every five
minutes. Positive controls consisted of 5µl of whole blood in 45l of molecular grade ddH20
(rather than OxiClean®). The second protocol was performed under the same conditions, except
at 56ºC instead of room temperature (i.e. to simulate the hot water cycle in a washing machine).
DNA extractions were performed with the QIAamp DNA Investigator Kit (Qiagen Cat.#56504).
DNA Damage in Human Bloodstains via Environmental Exposure
Four acrylic boxes were constructed to simulate conditions under which DNA
degradation would occur at a crime scene. In an effort to differentiate between covered/shaded
samples and those that are exposed to sunlight, two different experimental setups were designed.
Two boxes were built with black opaque acrylic that blocks UV light, but allows the samples to
be exposed to environmental heat and humidity (Figure 7). Another two boxes were constructed
of Acrylite OP-4 acrylic to permit maximum UV light transmission (Figure 8). Acrylite OP4 acrylic (Evonik Cyro LLC, Parsippany, NJ) was originally designed for use on indoor sun
tanning equipment and in terrariums (6). It offers high levels of UV light transmission and
strong resistance to degradation caused by UV light (due to the constituent thermal stabilizers
that are introduced during the casting process). The ability of a sheet of Acrylite OP-4 to resist
long-term UV light degradation without loss of physical properties is important in applications
such as indoor tanning. If a tanning bed is to produce reliable and rapid tanning results, the
acrylic sheet covering the bulbs must maintain consistently high levels of light transmission in
the UV-A and UV-B regions during the life of the material. The same rationale was the basis of
use of this acrylic for inducing environmental UV damage in dried bloodstains over time.

Figure 7: Black, opaque acrylic box for environmental
damage to human bloodstains. Blocks UV light
transmission, but ventilation holes allow exposure to heat
and humidity. An internal tray that holds the samples is
shown here (top) prior to being inserted into the box.
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Figure 8: Front and side view of Acrylite OP-4 acrylic box (maximum UV light transmission).
One-inch ventilation holes along the perimeter of the box allow the blood samples to be exposed
to variations in heat and humidity. Ventilation holes were covered with rust-resistant, metal
screening in an effort to deter insect/animal activity.
Blood samples from 25 different individuals were collected via fingerstick using BD
Microtainer contact-activated lancets (1.8mm x 21G). 5 µl of whole blood were pipetted (in
duplicate) directly from the donor’s finger onto sterile glass microscope slides. Six slides (each
with duplicate spots of blood) were prepared for each individual and placed on the rooftop of the
University of North Texas biology building for five different exposure periods (2-weeks, 4weeks, 8-weeks, 16-weeks, and 24-weeks). Positive controls for each exposure period consisted
of spotting the same volume of whole blood (5 µl) onto sterile microscope slides and storing at
room temperature in the laboratory in a dead-air hood.
A total of 300 bloodstains was subjected to environmental exposure/insult. During the
various environmental exposure periods, EL-USB-2-LCD data loggers (Lascar Electronics, Erie,
PA; Figure 9) were used to collect temperature and humidity readings. These stand-alone USB
data loggers collect and store 16,000+ relative humidity (RH) and temperature readings over the
0-100% RH and -35C to +80C (-31 to 176F) measurement ranges at pre-set time intervals.
After completion of each of the designated exposure periods, the blood samples were retrieved
from the roof, along with the data logger. Sterile cotton swabs were used to collect the entire 5µl
bloodstain from each microscope slide, and DNA extractions were performed using the QIAamp
DNA Investigator Kit (Qiagen Inc., Valencia, CA, Cat.#56504). Data recorded by the EL-USB2-LCD data loggers were downloaded onto a laboratory computer for analysis, and the data
loggers then were returned to the rooftop to collect temperature and humidity readings for the
remaining exposure periods.
Figure 9: EL-USB-2-LCD Humidity, Temperature,
and Dew Point Data Logger (Lascar Electronics).
*Not shown: plastic cover/cap for moisture
protection.
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Oxidative Damage to DNA in Human Blood via Bleach Exposure
Bleach-damage protocols were conducted with both liquid (non-coagulated) and
coagulated whole human blood samples. Blood was collected via fingerstick using BD
Microtainer contact-activated lancets (1.8mm x 21G). Household bleach [6% sodium
hypochlorite (NaOCl)] was diluted to produce 10% Clorox (0.6% NaOCl) and 50% Clorox
(3% NaOCl) solutions.
For experiments with liquid (non-coagulated) blood, 45μl of each of the respective bleach
solutions (10% and 50%) were added to sterile microcentrifuge tubes, and 5μl of blood were
pipetted directly from the donor’s finger into the tubes (for a total reaction volume of 50l).
After vortexing, the samples were incubated at room temperature for 1-hour and 2-hour time
intervals.
To investigate the effects of bleach on coagulated blood, 5μl of liquid blood (collected
via fingerstick) were pipetted into sterile microcentrifuge tubes and allowed to dry. When
coagulation was complete, 45l of bleach solution (either 10% or 50% Clorox) were added.
The tubes were vortexed to mechanically resolubilize the blood clot, and the samples then were
allowed to sit at room temperature for 1-2 hours. After completion of the incubation period,
DNA extractions were performed using the QIAamp DNA Investigator Kit (Qiagen Cat.#
56504).

Human Skeletal Remains
DNA extractions were completed on 80 contemporary bone samples from 20 different
individuals using two different extraction methods. Four bone powder fractions (0.5g each) from
each individual were extracted, two fractions using the Hi-Flow (Generon) protocol and two
via the Amicon Ultra-4/MinElute method. Bone powder aliquots used for each extraction
method were alternated to eliminate sample bias. In addition to contemporary bones, samples
from the 120-year-old skeletal remains of an exhumed Civil War soldier were included as
potential candidate samples for DNA repair and whole genome amplification (WGA) assays.
These historical remains, obtained from Mercyhurst Archaeological Institute, were a partial
skeleton consisting of a femur, both tibiae, and four teeth (2 canines, 1 lateral incisor, 1
premolar).
External sanding and surface decontamination of bones
Prior to extraction, the external surfaces of all bones and teeth were sanded with a
Dremel® 4000 High Performance Rotary Tool and individually-sterilized grinding stones.
Surface-sanding was conducted under a laminar flow hood in a designated low-copy area of the
laboratory. After sanding, the diaphyses of femora and tibiae were sectioned using a Stryker®
autopsy saw and individually-sterilized Stryker® sectioning blades. Each resultant bone section
was placed in a sterile 50ml polypropylene conical tube. Further surface decontamination
procedures were performed on individual bone sections and teeth to remove any remaining
exogenous or contaminant DNA. Each bone fragment or tooth was immersed in 50% commercial
bleach (3% NaOCl) for 15 minutes, followed by 4-5 washes with molecular grade (nucleasefree) H2O and brief immersion in 95% ETOH. After the final ETOH rinse, conical tubes
containing individual teeth or bone sections were placed in a hood overnight (with lids off) to
dry.
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Each individual bone or tooth then was placed (along with a stainless steel impactor) in a
sterile polycarbonate sample vial flanked by two stainless steel endcaps. Sample vials were
submerged in the liquid nitrogen chamber of a SPEX SamplePrep 6750 Freezer Mill® and
ground into a fine powder using the following parameters: 10-minute pre-chill, 5-minute grind
time, 15-impacts-per-second. Post-grinding, bone powder from each sample was transferred to
sterile 15ml polypropylene conical tubes in 0.5-gram aliquots in preparation for DNA extraction.
DNA Extraction Methods for Bones and Teeth
Due to the age and condition of the skeletal remains, several different extraction methods
were employed in an effort to maximize DNA recovery. Bone samples were extracted separately
in small batches in a designated low-copy area of the laboratory.
Amicon® Ultra-4/MinElute Extraction
Demineralization was carried out by mixing 0.5g of bone powder with 3ml digestion
buffer (0.5M EDTA pH 8.0, 0.5% sodium N-lauroylsarcosinate, 100µg/ml proteinase K),
followed by incubation in a hybridization oven at 56ºC under constant agitation for 24 hours.
After demineralization, bone powder was pelleted via centrifugation, and the supernatant was
transferred to an Amicon® Ultra-4 centrifugal filter unit (Millipore Corp., Billerica, MA) for
volume reduction. After the volume of each sample was reduced to 100μl, the concentrated
supernatant was transferred to a sterile 1.5ml microcentrifuge tube. Final cleanup of the
supernatant was performed using MinElute® silica columns (Qiagen MinElute® PCR
Purification Kit, Cat.#28004, Valencia, CA), with a 100l final elution volume.
Hi-Flow® Silica Column Extraction
Demineralization was carried out by mixing 0.5g of bone powder with 3ml digestion
buffer (0.5M EDTA pH 8.0, 1% sodium N-lauroylsarcosinate, 100 µg/ml proteinase K),
followed by incubation in a hybridization oven at 56ºC under constant agitation for 24 hours.
After demineralization, bone powder was pelleted via centrifugation, and the supernatant was
transferred to a sterile microcentrifuge tube and mixed with five volumes of binding buffer (PB
buffer, Qiagen Cat.#19066). This mixture was vortexed thoroughly, transferred to a Hi-Flow®
DNA Purification Spin Column (Generon, Berkshire, UK), and centrifuged. With the Hi-Flow®
silica column, both cleanup and volume reduction were accomplished with a single device,
decreasing the chances of contamination. After discarding the flow-through, the column was
washed with 15ml PE buffer (Qiagen Cat.#19065), and the DNA bound to the membrane was
eluted with 100l EB buffer (Qiagen Cat.#19086).
Phenol-chloroform (Organic) Extraction
Demineralization was achieved by mixing 0.5g of bone powder with 3ml digestion
buffer (0.5M EDTA pH 8.0, 1% sodium N-lauroylsarcosinate) and 200l of proteinase K
(20mg/ml). Samples were incubated at 56C under constant agitation for 24 hours. After the
incubation period, an equal volume of phenol chloroform isoamyl alcohol (25:24:1) was added to
the aqueous extract and the mixture was vortexed for approximately 30 seconds. The bone
powder was pelleted via brief centrifugation, the resultant supernatant (aqueous layer) was
transferred to an Amicon® Ultra-4 centrifugal filter device (Millipore Corp., Billerica, MA), and
a subsequent 10-20 minute centrifugation cycle was performed until all of the sample had passed
through the filter. 2 ml of molecular grade H2O were pipetted into the Amicon and the column
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was centrifuged at maximum speed until the volume of supernatant was reduced to 50l. An
additional volume of molecular grade H2O was added to bring the total volume to 100l, and the
entire supernatant was transferred to a sterile microcentrifuge tube. The Amicon® Ultra-4 filter
was subsequently rinsed with an additional 100l of molecular grade H2O, and this extract was
added to the same microcentrifuge tube. Five volumes of Buffer PB (Qiagen Cat.#19066) were
added to 1 volume of the sample extract, vortexed briefly, and 650l of the mixture were
transferred to a QIAquick spin column that had been placed in a 2ml collection tube (Qiagen
QIAquick PCR Purification Kit, Cat.#28106). After centrifuging and discarding the flowthrough, repeated additions and centrifugations of the Buffer PB/DNA extract were carried out
until all of the Buffer PB/DNA extract mixture had been filtered through the spin column. The
columns were washed with 750l of Buffer PE (Qiagen Cat.#19065), the flow-through was again
discarded, and the clean QIAquick column was transferred to a sterile 1.5ml microcentrifuge
tube. DNA bound to the column membrane was eluted with 100l of EB buffer (Qiagen
Cat.#19086).
DNA Quantification
The quantity of DNA in each extract was determined using the Quantifiler Human
DNA Quantification Kit (Applied Biosystems Cat.#4343895) and an ABI 7500 Real-Time PCR
System. The assay was carried out in a 25l total reaction volume (23l Quantifiler master mix
and 2l DNA extract), with final sample concentrations determined via comparison to a standard
curve. This kit amplifies a 62-bp intron of the human telomerase reverse transcriptase (hTERT)
gene (59).
PCR Amplification of Autosomal DNA (all sample extracts)
Amplification of autosomal DNA was carried out using the AmpFlSTR Identifiler Plus
PCR Amplification Kit (Applied Biosystems, Cat.#4427368). All extracts were amplified using
the ABI GeneAmp 9700 PCR System, with the following PCR parameters: initial incubation at
95C for 11 minutes; 28 cycles of (94C for 20 seconds and 59C for 3 minutes); final extension
at 60C for 10 minutes. Total reaction volume for each sample was 25l (15l PCR master mix
and 10l extract/TE, with a target input of 1ng template DNA). Negative and positive controls
consisted of 10l low-TE buffer and 10l 9947A Control DNA (0.1ng/l), respectively.
PCR Amplification of Y-chromosome DNA (Historical bone samples only)
Amplification of Y-chromosome DNA was carried out using the AmpFlSTR Yfiler
PCR Amplification Kit (Applied Biosystems, Cat.#4359513). Historical bone extracts were
amplified using the ABI GeneAmp 9700 PCR System, with the following PCR parameters:
initial incubation at 95C for 11 minutes; 30 cycles of (94C for 1 minute, 61C for 1 minute,
and 72C for 1 minute); final extension at 60C for 80 minutes. Total reaction volume for each
sample was 25l (15l PCR master mix and 10l extract/TE, with an optimal input of 1ng
template DNA). Negative and positive controls consisted of 10l low-TE buffer and 10l 007
Male Control DNA (0.1ng/l), respectively.
DNA Separation, Detection, and Analysis
The amplified DNA samples were size-separated and detected on an ABI 3500xl Genetic
Analyzer (Applied Biosystems, Foster City, CA) using 1l PCR product, 8.7l of Hi-Di
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Formamide, and 0.3l of GeneScan 600 LIZ Internal Lane Size Standard. One microliter of
AmpFlSTR Identifiler Plus or Yfiler allelic ladder was included at least once per injection on
the 96-well plate. All samples were denatured at 95C for 5 minutes and then immediately
cooled on ice for 5 minutes. Electrophoresis was performed on a 36-cm capillary array with
POP-4 polymer (Applied Biosystems, Cat.#4393715) using standard (default) injection
parameters. The collected STR data were sized and typed with GeneMapper ID-X Software
Version 1.2 (Applied Biosystems, Foster City, CA).
DNA Repair with PreCR Repair Mix
A total of 415 repair reactions were performed using the PreCR™ Repair Mix (New
England BioLabs). Repair reactions were performed only on samples that exhibited evidence of
damage upon STR typing (i.e. samples with marked decreases in RFU levels and/or allele
dropout compared with no-damage controls). Since inhibition often cannot be distinguished with
degradation, internal PCR control (IPC) values were monitored during the quantification step to
assess the potential presence of PCR inhibitors in the extracts used for repair reactions. The
volume of DNA template and/or molecular grade H20 was calculated based upon the initial
quantification results for each sample after exposure to a damage-inducing protocol. For
purposes of performing post-repair STR analysis, care was taken to maintain the same molar
ratio of template DNA:Identifiler Plus reaction components as was used in the pre-repair
(damaged) STR typing.
Manufacturer Recommended Protocol
After preparation of a master mix from the reagents in the PreCR kit (Table 3), 4.68l of
the master mix were combined with 15.32l of DNA template/molecular grade water (amount
dependent upon original quant value), for a total reaction volume of 20l.
Volume
(per sample)
2 µl
0.08 µl
0.2 µl
2 µl
0.4 µl

Reagent
10X ThermoPol Buffer
25mM dNTPs
100X NAD+
10X BSA
PreCR Repair Mix

Final
Concentration
1X
100µM
1X
1X

Table 3:
Manufacturer recommended
protocol for DNA repair with
PreCR Repair Mix

The repair reaction was carried out via incubation on a heat block at 37C for 20 minutes.
After incubation, the samples were immediately placed on ice. Ten microliters of the repair
reaction product were added to 15l of Identifiler® Plus Master Mix/Primer Set, and PCR
amplification was performed using the ABI GeneAmp 9700 PCR System with the following
PCR parameters: initial incubation at 95C for 11 minutes; 28 cycles of (94C for 20 seconds
and 59C for 3 minutes); final extension at 60C for 10 minutes.
Modified Repair Protocol
In addition to following manufacturer recommendations, a modified PreCR protocol
was investigated. In the modified version, damaged DNA extract, PreCR Repair mix, and
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100X NAD+ were added directly to the Identifiler® Plus Master Mix. After preparation of the
master mix (shown in Table 4), 10.75l of the master mix were combined with 10l of DNA
template/molecular grade water (amount dependent upon original quant value), for a total
reaction volume of 20.75l. The tubes were vortexed and then incubated at 37ºC for 20 minutes.
Immediately after the incubation period, 5l of the Identifiler® Plus primer set were added, and
PCR amplification was performed using an ABI GeneAmp 9700 PCR System with the
following PCR parameters: initial incubation at 95C for 11 minutes; 28 cycles of (94C for 20
seconds and 59C for 3 minutes); final extension at 60C for 10 minutes.
Volume (per sample)
0.25l
0.5l
10l

Reagent
100X NAD+
PreCR Repair Mix
Identifiler® Plus Master Mix

Table 4: Modified protocol for
DNA repair with PreCR

Degenerate-oligonucleotide-primed PCR (DOP-PCR)
Primer Degeneracy
Various different primers were investigated for their efficacy in improving STR profiles
of degraded and LCN samples. Table 5 describes the degenerate primers used in the DOP-PCR
reactions, including the original DOP-PCR primer (6N), two primers from a 2009 study (by
Dawson Cruz, VCU), and four newly-modified primers that retain at least a portion of the 5'
defined sequence and alter the number of bases on the 3' end.

Table 5: Primers used for degenerate oligonucleotide-primed PCR (DOP-PCR). The portion of
the 5'defined sequence in bold (CTCGAG) represents a XhoI restriction site for cloning.

Master Mix Preparation
The DOP-PCR master mix was based on the original Roche DOP-PCR Master Kit
(Roche Molecular, Mannheim, Germany). Per sample, the master mix used in this study
consisted of 10l of 10X High Fidelity PCR Buffer (Invitrogen), 4.0l of 50mM MgSO4, 5.0l
of dNTPs (4mM each), 5.0l of degenerate primer (40M), and 0.5l of Platinum Taq High
Fidelity DNA Polymerase 5U/l (Invitrogen) (Table 6). Using sterile filter tips, 24.5l of
master mix were added to each sample tube, and after addition of 1-50l of degraded or LCN
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template, 25.5-74.5l of TE-4 buffer were added to bring the total reaction volume up to 100l.
5l of 9947A control DNA (0.1ng/l) and 5l of TE-4 buffer served as positive and negative
controls, respectively. A variety of input DNA template amounts, ranging from less than 100
picograms to one nanogram, were explored to determine the minimum and maximum amounts
needed for optimal DOP-PCR results.
Master Mix Component
Volume per sample
10X High Fidelity PCR buffer
10l
MgSO4 (50mM)
4l
dNTPs (4mM each)
5l
Degenerate primer (40M)
5l
Platinum Taq High Fidelity
0.5l
DNA Polymerase (5U/l)
Total volume
24.5l

Table 6: Preparation of master mix
for degenerate-oligonucleotideprimed PCR (DOP-PCR)

DOP-PCR Amplification Parameters
In addition to evaluating seven different DOP-PCR primers, a variation in DOP-PCR
thermal cycling parameters was investigated. In particular, the efficacy of the original DOPPCR method was compared to a 2009 Dawson Cruz protocol (which increases the number of
low-stringency cycles from five to twelve) (23).
Optimization with High-quality DNA
Prior to use with damaged and low-copy templates, DOP-PCR reactions were carried out
with high-quality (non-degraded) cell-line DNA as a proof-of-concept. 100pg and 500pg of both
9947A (female) and 007 (male) control DNA were amplified separately using each of the seven
modified degenerate primers.
Traditional (original) DOP-PCR Amplification
Amplification of the 100l reaction mixture was carried using the ABI GeneAmp 9700
PCR System, with the following PCR parameters: initial incubation at 95C for 5 minutes; 5
cycles of non-specific amplification (94C for 1 minute, 30C for 1.5 minutes, and 72C for 3
minutes) with a 3-minute ramp to 72C; 35 cycles of specific amplification (94C for 1 minute,
62C for 1 minute, and 72C for 3 minutes) with a 1-second increase in each subsequent cycle;
and a final extension at 72C for 10 minutes (Table 7).
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Denaturation

95°C
5 min

Non-specific amplification
(Low-stringency conditions)

Specific amplification
(High-stringency conditions)

Final
Extension

5 cycles:
94°C for 1 min
30°C for 1.5 min

35 cycles:
94°C for 1 min
62°C for 1 min
72°C for 3 min

72°C
10 min

(3 min transition from 30°-72°C)

72°C for 3 min

(Increase by 1 sec each cycle)

Table 7: Thermal cycling conditions for the original DOP-PCR protocol, as described in 1992
by Telenius et al. (12)

dcDOP-PCR Amplification
Samples (100l total reaction volume) were amplified with the ABI GeneAmp 9700
PCR System. After an initial 5-minute denaturation step at 95C, non-specific amplification
consisted of 12 cycles of (94C for 1 minute, 30C for 1.5 minutes, and 72C for 3 minutes) with
a 3-minute ramp to 72C, followed by 35 cycles of specific amplification (94C for 1 minute,
62C for 1 minute, and 72C for 2 minutes) with a 14-second increase in each subsequent cycle,
and final extension for 7 minutes at 72C (Table 8).

Table 8: Thermal cycling parameters for the dcDOP-PCR method, which increases the number
of non-specific amplification cycles to twelve (as opposed to the five low-stringency cycles used
in original DOP-PCR) (12, 23).

Sample Concentration after DOP-PCR
Following DOP-PCR amplification, all samples were concentrated using Amicon
Ultra-0.5 centrifugal filter units with Ultracel-10 membranes (Millipore, Billerica, MA). After
pre-hydrating the membrane of the filter unit with 25l of molecular grade H2O, the entire
volume of DOP-PCR product (100l) and an additional 375l of molecular grade water were
added to the Amicon (500l maximum filter volume), followed by centrifugation at 14,000 x g
for 20 minutes. The filtrate was carefully pipetted off and discarded. Molecular grade H2O was
added back to the filter (up to a total volume of 500l), and the columns were centrifuged at
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14,000 x g for 30 minutes (or until the volume was reduced to 25l). The Amicon filters then
were inverted in new sterile tubes and centrifuged at 1000 x g to recover the concentrated DOPPCR product.
Multiplex STR Amplification
Amplification of 16 STR loci was carried out using the AmpFlSTR Identifiler Plus PCR
Amplification Kit (Applied Biosystems, Cat.#4427368). 10l of the concentrated DOP-PCR
product were combined with 15l of master mix (for a total reaction volume of 25l). The
master mix (per sample) consisted of 10l of AmpFlSTR Identifiler Plus Master Mix and 5l
of AmpFlSTR Identifiler Plus Primer Set. Negative and positive controls were 10l of TE-4
buffer and 10l 9947A Control DNA (0.1ng/l), respectively. PCR amplification was
performed on the ABI GeneAmp 9700 PCR System, with the following parameters: initial
incubation at 95C for 11 minutes; 28 cycles of (94C for 20 seconds and 59C for 3 minutes);
final extension at 60C for 10 minutes.
Post-PCR Purification and CE Analysis
Following STR amplification, the samples were purified using the Qiagen MinElute
Post-PCR Purification Kit (Qiagen Cat.#28004) according to the manufacturer’s
recommendations. Purified Identifiler Plus-amplified DOP-PCR products were size-separated
and detected on an ABI 3500xl Genetic Analyzer (Applied Biosystems, Foster City, CA) using
1l PCR product, 8.7l of Hi-Di Formamide, and 0.3l of GeneScan 600 LIZ Internal Lane
Size Standard. 1l of AmpFlSTR Identifiler Plus allelic ladder was included at least once per
injection on the 96-well plate. All samples were denatured at 95C for 5 minutes and then
immediately cooled on ice for 5 minutes. Electrophoresis was performed on a 36-cm capillary
array with POP-4 polymer (Applied Biosystems, Cat.#4393715) using standard (default)
injection time (10 seconds). The collected STR data were sized and typed with GeneMapper
ID-X Software Version 1.2 (Applied Biosystems, Foster City, CA).

III.

Results and Discussion

Generation of Damaged/Compromised Samples
Many methods that have previously been used on “naked” DNA molecules to simulate in
situ DNA damage had significantly less effect on native DNA. This was not surprising, given
that native DNA is afforded some protection from damage when surrounded by the normal
cellular milieu of proteins, lipids, carbohydrates, and other nucleic acids. For each of the
methods employed in this study to degrade DNA, noticeable decreases in RFU peak heights
and/or allele dropout (compared to non-damaged controls) were used as rough indicators that
damage had occurred. It should be noted, though, that generation of significantly damaged
samples was much more challenging than anticipated and required extensive periods of time and
substantial effort to accomplish. However, this aspect was imperative to the principal goals of
our study (i.e. to assess the efficacy of DNA repair and WGA on samples that realistically
emulate those encountered in forensic casework).
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Results of each of the respective damaging protocols are shown below. Based on these
findings, the pool of degraded samples used for DNA repair and WGA studies were narrowed to
three sample types: environmentally-damaged bloodstains, human skeletal remains, and bleachdamaged whole blood.
Oxidative Damage to DNA in Whole Human Blood via Fenton Reaction and Treatment with
Potassium Permanganate (KMnO4)
The Fenton reaction is a method commonly used to generate oxidative damage in naked
DNA (2,3,8). With this method, a solution of hydrogen peroxide (H202) and an iron catalyst
(FeCl3) react to produce two hydroxyl radicals (-OH) that damage the DNA molecule. A 2009
study on DNA damage and repair used the Fenton reagent and potassium permanganate
(KMnO4) to successfully damage naked cell line DNA (2). In order to damage native DNA in
whole blood (which presumably poses more challenges due to its protected state), our
experiments involved a five-fold increase in concentration of each of the damaging agents used
(Table 9). Additionally, the incubation periods for each of the reactions were increased from 20120 minutes (with naked DNA) to up to 48 hours with native DNA targets.
Sample Type

Fenton Reaction

Potassium Permanganate

Naked DNA

Fe-EDTA (9mM-18mM)
Hydrogen peroxide (30mM)

100mM KMn04

Fe-EDTA (45mM-90mM)
Hydrogen peroxide (150mM)
*5-fold increase in concentration

500mM KMn04
*5-fold increase in
concentration

(cell-line)

Native DNA
(whole blood)

Table 9: Comparison of treatment of naked cell-line DNA vs. native DNA in whole human
blood with the Fenton reagent and potassium permanganate.
As stated previously, in human cells DNA does not occur as a “naked” structure, and
hence the same Fenton chemistry that generated oxidative damage in purified DNA may not do
so to the same degree when DNA is complexed with other materials. Attempts to substantially
damage DNA in whole human blood with Fenton reagents or potassium permanganate were not
successful (i.e., damage here is defined as that which will impact STR typing results). Even
when the concentration of the damaging agent and exposure times were increased five-fold
(compared to conditions typically used with naked DNA samples), no allele dropout occurred.
Small reductions in allele peak heights were observed, but not enough to affect the quality or
interpretation of the STR profiles (Table 10).
It should be noted here that our Fenton reaction parameters were modeled after a 2009
study that successfully damaged naked DNA molecules using the concentrations described in
Table 9. This 2009 study did not report the pH (or pH range) under which the Fenton reaction
was carried out (2) and we did not measure it. The kinetics of Fenton chemistry reveals that the
efficiency of the reaction is greatly affected by the pH of the solution. The optimal pH range for
the Fenton reaction is between pH 3 and pH 6. At higher (more basic) pH levels, ferrous iron
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catalytically decomposes H2O2 into oxygen and water, without the formation of the hydroxyl
radicals that cause the intended damage (56,57). For this reason, any future studies utilizing
Fenton reagents to generate in vitro DNA damage should closely monitor pH levels of the
reactions.

Table 10: Oxidative damage to native DNA in a representative whole human blood sample after
treatment with Fenton reagents for 12 hours and 48 hours, showing minimal reduction in RFU
levels and no incidence of allele dropout (despite increasing the concentration of the reagents
five-fold as compared to the concentrations used with naked DNA samples). Results obtained
using another well-known oxidizing agent --- potassium permanganate (KMnO4) --- were
comparable (data not shown).

Depurination of DNA in Human Blood Samples
Depurination is an alteration of DNA in which the purine base (adenine or guanine) is
cleaved from the deoxyribose sugar by hydrolysis of the beta-N-glycosidic bond between them.
This action results in an abasic/apurinic (AP) site that is not recognized by the DNA polymerase
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and thus stalls PCR amplification. High-heat and acidic pH levels (in combination) are common
conditions under which depurination of DNA occurs. The same 2009 study that used the Fenton
reaction and KMnO4 to damage naked cell-line DNA also successfully utilized an acidic buffer
(pH 4.8) and heat to depurinate the purified nucleic acid (2). Similar to the oxidative damage
studies using Fenton reagents and potassium permanganate, our depurination experiments with
native DNA involved increasing both the concentration of the buffer as well as the exposure
times. The effects of this depurination buffer on both liquid (non-coagulated) and coagulated
human blood also were explored.
The results shown in Tables 11-12 demonstrate that damage occurred in liquid blood
samples more so than in the dried bloodstains (and in a much more consistent manner). Since
most intracellular chemical reactions occur in an aqueous environment, it is expected that
damage would occur more slowly in a dehydrated substrate. The results shown in Table 11
clearly illustrate that the ten-fold increase in buffer concentration, as well as significant increases
in incubation times, are necessary to depurinate native DNA in human blood (compared to
protocols previously used on naked templates). Differences in DNA damage in dehydrated
versus hydrated blood may be an important variable to further investigate since evidentiary
samples from crime scenes may be collected in either state (although samples are typically dried
before packaging).

Table 11: Depurination of DNA in a whole human (liquid) blood sample using 1X and 10X
depurination buffers (pH 4.8) and after incubation on a heat block at 70C for 48 hours, 96
hours, and 120 hours.
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Table 12: Depurination of DNA in a dried human bloodstain using 1X and 10X depurination
buffers (pH 4.8) and after incubation on a heat block at 70C for 48 hours, 96 hours, and 120
hours.

Oxidative Damage via Peroxide-based Stain Remover
Another protocol that was explored to assess its ability to generate oxidative damage in
DNA involved Arm & Hammer’s OxiClean® Free Triple Power Stain Fighter, a popular laundry
additive with claims to completely remove bloodstains from clothing. Blood is a protein-based
stain that contains an enzyme called catalase which reportedly reacts with ingredients in this
product to produce water and oxygen. According to the manufacturer, the oxygen attacks and
breaks down the bloodstain. The chemical ingredients in OxiClean® include water, ethoxylated
alcohols C12-15, hydrogen peroxide, sodium polyacrylate, alkylbenzenesulfonic acid C10-16,
linear alkylbenzene sulfonate, tinopal, and sanolin blue dye (27). After a 30-minute incubation
period at both room temperature and 56C, only slight decreases in allele peak heights were
observed (Table 13). Results shown in this table were representative of the pool of samples
subjected to this treatment protocol. Even when the incubation period was extended to one hour
(which exceeds the length of a typical wash cycle), reduction in RFU levels was minimal and no
allele dropout occurred (data not shown).
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Table 13: Oxidative
damage to DNA in a
representative sample
of whole human blood
after treatment with
OxiClean® Free Triple
Power Stain Fighter at
A) room temperature
and B) 56ºC,
respectively.

DNA Damage in Human Bloodstains via Environmental Exposure
In addition to evaluating previously-documented techniques that damage naked cell-line
DNA via chemical means, it was important investigate the combined effects of UV radiation,
temperature, and humidity on DNA. In this study, human bloodstains were exposed to all three
of these environmental insults simultaneously, since authentic forensic samples are typically
subjected to a combination of exogenous insults (and thus would likely contain a variety of
different DNA lesions, rather than a single type).
Record high-temperature and low-precipitation conditions in Texas during the summer of
2011 provided harsh conditions for assessing the stability and survivability of DNA in
bloodstains. Despite these conditions, DNA in the bloodstains that were placed on the roof
remained fairly durable and resistant to damage, likely due to the dry conditions. After two full
weeks of environmental exposure, a decrease in STR allele peak heights was observed for all
samples, although the level of damage was not severe enough to prevent a full genetic profile
from being obtained. For samples placed in UV-transparent Acrylite OP-4 acrylic boxes, allele
dropout was not observed until the 4-week and 8-week exposure times and, interestingly, the
degree of damage and amount of allele dropout observed varied between samples despite the fact
that they were all subjected to the exact same environmental conditions and for identical
exposure times (Table 14).
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There are a number of possible explanations for these observations. Blood is composed
of plasma and cellular elements, including leukocytes, erythrocytes, and thrombocytes
(platelets). Typically, plasma constitutes approximately 55% of blood volume; 45% of the
volume is composed of erythrocytes; and the remaining 1% contains leukocytes and
thrombocytes, but it is widely known that pathologic changes in specific blood cell
concentrations may occur as a result of disease, infection, or injury (11). Although the volume
of blood collected from each individual in this study was the same, variations in the quantity of
leukocytes per sample (e.g. due to sampling variance) could account for the differences observed
between bloodstains in terms of apparent DNA damage. In other words, the level of damage
may actually be very similar between samples, but certain bloodstains may have initially
contained more leukocytes (and hence more DNA), contributing to the illusion that one
individual’s DNA was more robust than another’s. Additionally of interest is that physiologic
differences in the concentration of cellular elements in blood do occur according to race, age,
sex, and geographic location. For example, the leukocyte counts for Caucasians are higher by
0.5 × 109/L than for African Americans (11).

Table 14: DNA damage in two different human bloodstains after environmental exposure for
eight weeks in a UV-transparent Acrylite OP-4 acrylic box. Results are representative of the
variation in levels of damage that were observed amongst all experimental samples. Boxes
containing no RFU data signify the occurrence of allele dropout at that locus.
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Another explanation for the observed differences in DNA damage between bloodstains of
different individuals involves the plasma component of blood. Although the principal
component of plasma is water, it also contains dissolved ions, proteins, carbohydrates, fats,
hormones, vitamins, and enzymes (11). It is possible that certain plasma constituents
(cholesterol, for example) may absorb some of the UV radiation and provide a protective barrier
of sorts to the DNA within the leukocytes of that particular bloodstain. Lastly, the difference in
levels of DNA damage between bloodstains could simply be stochastic. It is reasonable to
assume that random insults by chance will vary somewhat from sample to sample even though
exposure conditions are similar. These findings further assert the importance of investigating
how DNA damage occurs in its native state as opposed to as a naked molecule.

Oxidative Damage to DNA in Human Blood via Bleach Exposure
Household bleach (sodium hypochlorite, NaOCl) degrades DNA through oxidative
damage and the production of chlorinated base products. Exposure of DNA to increasingly
higher concentrations of NaOCl will eventually cause cleavage of the strands, breaking the DNA
into smaller and smaller pieces, and eventually to individual bases (7). Although in a laboratory
setting decontamination procedures are carried out with fairly dilute concentrations of 10%
bleach (0.6% NaOCl), bleach also may be used by criminals at much higher concentrations at a
crime scene in an effort to destroy DNA evidence. Bleach was explored as a damaging agent to
generate samples for potential use in repair and whole genome amplification studies.
Results show that even after liquid (non-coagulated) blood samples were immersed in a
10% Clorox solution (0.6% NaOCl) for 1-hour and 2-hour incubation periods, full STR
profiles could still be obtained from the exposed blood (although continual decreases in allele
peak heights indicated that some oxidative damage was occurring). When the bleach
concentration was increased to 50% Clorox (3% NaOCl), allele dropout was observed at
completion of the 1-hour incubation period, followed by complete loss of the STR profile after 2
hours of immersion (Table 15).
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A
B
Table 15: A) DNA damage in liquid (non-coagulated) blood after immersion in a 10%
Clorox (0.6% sodium hypochlorite) bleach solution for 1-hour and 2-hour incubation periods,
showing moderate decreases in allele peak heights but no allele dropout. B) DNA damage in
liquid (non-coagulated) blood after immersion in a 50% Clorox (3% sodium hypochlorite)
bleach solution, showing allele dropout and complete loss of STR profile at completion of the 1hour and 2-hour periods, respectively.

In addition to damaging liquid whole blood samples, the effect of bleach on coagulated
blood was investigated. Although blood samples were allowed to clot in microcentrifuge tubes
prior to the initiation of the damaging protocol, only small decreases in allele peak heights were
observed after two hours of incubation in 50% Chlorox solution (despite mechanical resolubilization of the clot via vortexing after the bleach solution was added) (Table 16). In the
process of clotting, blood separates into four distinct layers: a dark red (almost black) jellylike
clot; a thin layer of oxygenated red cells; a layer of white cells and platelets; and a layer of
yellowish serum (11). Completion of the clotting mechanism appears to interfere with the bleach
solution’s ability to cause oxidative DNA damage. The damage does appear to still be occurring
(as evidenced by the decrease in allele peak heights), but at a significantly lower rate than in the
case in which liquid (non-coagulated) blood was pipetted directly into the bleach solution.
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Table 16: DNA damage in
coagulated human blood
after immersion in a 50%
Clorox (0.6% sodium
hypochlorite) bleach
solution for 2 hours,
showing considerably less
damage than was observed
with liquid, non-coagulated
blood (despite mechanical
resolubilization of the clot
via vortexing)

These findings with bleach have additional value beyond a method to damage native
DNA. The results indicate that current decontamination methods using bleach in the laboratory
may not be as effective as believed (at least for DNA complexed with other materials). Further
studies may be warranted to determine if native DNA contamination is neutralized with bleach.
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Human Skeletal Remains
STR analysis of most of the bone-derived extracts revealed moderate-to-severe levels of
degradation (and possibly inhibition), as evidenced by allele dropout at multiple loci and/or low
RFU peak heights. Combined with the low quantification values obtained (most under 1ng/l,
Tables 17-18) and the fact that skeletal remains are exposed to environmental inhibitors (e.g.
humic and fulvic acids in soil), the samples with partial or low-RFU STR profiles were
determined to be good candidates for subsequent DNA repair and WGA experiments.

Table 17: Summary of DNA
extractions (80) on the contemporary
skeletal remains of 20 different
individuals, with reported DNA
quantities obtained (ng/l) using two
different extraction methods. In
addition to the low quantities of
DNA recovered, most of these
samples produced partial or low-RFU
STR profiles upon analysis, making
them ideal candidates for DNA repair
and whole genome amplification.
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Table 18: Summary of DNA extractions on the exhumed historical (120-year-old) skeletal
remains of a Civil War soldier, with reported DNA quantities obtained (ng/l) using three
different extraction methods. In addition to the low quantities of DNA recovered, all of these
samples produced partial, low-RFU STR profiles upon analysis, making them ideal candidates
for DNA repair and whole genome amplification studies. For samples with quantification values
listed as “undetermined,” the AmpFlSTR Quantifiler Human DNA Quantification assay was
unable to detect/amplify the 62-bp hTERT region in the extract (hence, for calculations in
subsequent DNA repair and WGA experiments, the quantification values for these samples were
assumed to be 0 ng/l).

PreCR Repair of Compromised Samples
After identifying methoods that were successful in causing damage to DNA in its native
state, repair protocols were investigated to assess their ability to improve obtaining STR profiles
from degraded or LCN samples. As shown in Figure 10, the manufacturer-recommended
PreCR™ Repair protocol improved the performance of STR profiling of bleach-damaged DNA
for all 16 loci amplified. Sodium hypochlorite (NaOCl) primarily generates oxidative damage in
DNA. Hence, successful repair of the type of lesion induced in these samples was consistent with
previous studies involving repair of singular, sequestered damage (2,4).
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Figure 10: Average damage to DNA in whole human blood after immersion in a 50% Clorox
bleach solution (3% NaOCl) and average repair after treatment w/PreCR Repair Mix
(according to the manufacturer’s recommendations). n = 40 blood samples (each repaired in
duplicate, for a total of 80 repair reactions).
For some of the bleach-damaged samples, sufficient extract remained to perform the modified
version of the PreCR Repair protocol. Twenty-five bleach-damaged samples were each
repaired in duplicate, for a total of 50 modified repair reactions. Results from the modified
protocol were directly compared with results generated with the manufacturer-recommended
approach for the exact same samples (Figure 11). Congruent with a 2012 study on repair of UVcrosslinked DNA (4), the modified PreCR protocol outperformed the manufacturerrecommended approach in increasing allele peak heights for every locus examined with this
bleach-damaged sample set. The repair modification may provide utility for casework because it
eliminates the need to perform a separate repair reaction (which saves reagent costs and analyst
time) and reduces the potential for contamination when transferring samples between tubes.
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Figure 11: Comparison of repair of bleach-damaged DNA w/PreCR(manufacturer vs.
modified protocol). n = 25 blood samples (each repaired in duplicate, for a total of 50 repair
reactions)

The results show a consistent trend but are not significant. In part the variation is likely due to
low level target sites and stochastic effects. Some of these effects may be due to variation in
pipetting volumes. Ultimately, forensic samples may be damaged by mutiple mechanisms
resulting in a variety of lesions, and the quantity available for testing often is limited. Hence, it
is our recommendation that the use of PreCR in casework should not be considered at this time
due to its varied, unpredictable, and inconsistent results.
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The manufacturer-recommended PreCR™ Repair protocol also improved STR profiles of
environmentally-damaged DNA at the majority of loci examined, although to a lesser degree
than with the bleach-damaged samples (Figure 12).

Figure 12: Average non-repaired DNA damage to environmentally-exposed bloodstains and
average repair after treatment w/PreCR Repair Mix (according to the manufacturer’s
recommendations). n = 75 bloodstains (each repaired in duplicate, for a total of 150 repair
reactions).

For some of the environmentally-damaged samples, sufficient extract remained to
perform the modified version of the PreCR Repair protocol. Thirty environmentally-damaged
blood samples were repaired in duplicate, for a total of 60 modified repair reactions. Results
from the modified protocol were directly compared with results generated with the manufacturerrecommended approach for the exact same samples (Figure 13). For this sample set, however,
the repair assay did not improve the profile (i.e., increase allele peak heights) for the majority of
loci (and in some cases resulted in lower RFU values), leaving its utility with environmentallydamaged samples in question. Additionally, in this case, the modified method did not surpass
the manufacturer-recommended protocol in terms of increasing the total signal.
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Figure 13: Comparison of repair of environmental damage (PreCR manufacturer vs. modified
protocol). n = 30 bloodstains (each repaired in duplicate, for a total of 60 repair reactions).

Figures 14 and 15 represent the results for PreCR repair of degraded DNA from
contemporary human skeletal remains. Fifty bone samples were repaired in duplicate using the
manufacturer-recommended protocol (for a total of 100 repair reactions), while 30 bone samples
were repaired in duplicate using the modified PreCR method (for a total of 60 modified repair
reactions).
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Figure 14: Average non-repaired DNA damage in contemporary human bone samples and
average repair after treatment w/PreCR Repair Mix (according to the manufacturer’s
recommendations). n = 50 bone samples (each repaired in duplicate, for a total of 100 repair
reactions).

Figure 15: Comparison of repair of DNA damage in contemporary human bone w/PreCR
Repair Mix (manufacturer vs. modified protocol). n = 30 bone samples (each repaired in
duplicate, for a total of 60 repair reactions).
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Figure 16: Average non-repaired DNA damage in historical human bone samples and average
repair after treatment w/PreCR Repair Mix (modified protocol). Bones were 120 years old (n =
20).
Figures 14-16 reveal a reduction in total signal for the majority of loci examined in bonederived DNA (for both the manufacturer-recommended and modified protocols, and for both the
contemporary and historical skeletal remains). Skeletal samples likely contain a number of
different types of lesions and thus present a substantially greater challenge in terms of DNA
repair. One potential explanation for this “degradation effect” involves the complexity of damage
in these samples combined with the fact that some of the PreCR™ enzymes require the damaged
DNA to be in its double-stranded conformation. Although these enzymes can recognize damage
in denatured strands, ssDNA lacks the complementary information necessary for the
polymerization and ligation steps that occur during full repair of a lesion. Additionally, the
presence of lesions directly adjacent to each other on opposite strands of dsDNA provides yet
another possible explanation for the observed reduction in allele peak heights. In this scenario, if
the two damaged bases are removed simultaneously, a double-strand break in the template would
occur. Not only is highly-fragmented DNA difficult to repair, but polymerases would stall at
these sites and inhibit PCR amplification. Lastly, the PreCR™ Repair Mix will not repair DNAprotein or DNA-DNA crosslinks present in a sample (28). Ultimately, if both strands of DNA in
a forensic sample are damaged, there will be no template for repair. The scenarios under which
the latter may occur are illustrated in Figure 17, providing a possible explanation for both the
lack of repair in some damaged samples and the variability in the level of repair observed
amongst environmentally-damaged samples from this study.

45
This document is a research report submitted to the U.S. Department of Justice. This report has not
been published by the Department. Opinions or points of view expressed are those of the author(s)
and do not necessarily reflect the official position or policies of the U.S. Department of Justice.

Figure 17: Illustration of scenarios in which
both strands of a DNA template are damaged,
leaving no template available for subsequent
repair reactions with PreCR

Additionally, as mentioned previously in the introduction of this report, damage to
DNA in ancient or forensic samples typically arises from both endogenous and exogenous
sources. Since ancient and forensic samples often have been exposed to environmental insults for
extended periods of time, it is likely that the DNA contained within them possesses many of
these more complex, bulky lesions (30,36). These types of lesions pose a greater challenge for
DNA repair in general, but especially in the case of the in vitro PreCR assay. DNA Repair:
Implications for Forensic Casework
Results to date indicate that the PreCR™ Repair assay holds some promise as an
additional tool for improving STR typing of bleach-damaged DNA, although further studies are
needed before its implementation into forensic casework could be considered. One important
consideration is that UV-crosslinking and bleaching of laboratory workspaces, instruments, and
plasticware are currently the standard practices for destroying exogenous/extraneous DNA
molecules prior to DNA extraction or PCR amplification (47,48,49). A 2012 study demonstrated
the effectiveness of PreCR in repairing naked DNA that has been damaged in the laboratory
with a UV-crosslinker (4), and although the ability of PreCR to successfully improve bleachdamaged DNA profiles could be of great utility in cases involving crime scenes that have been
cleaned with bleach by a perpetrator, these two research studies in combination reveal a
complicating factor for the use of PreCR in casework. Since the PreCR Repair Mix can
repair both UV-crosslinked and bleach-damaged DNA, it may also restore exogenous DNA that
was intentionally destroyed by laboratory personnel during standard decontamination
procedures.
Conversely, the repair assay did not significantly improve DNA profiles from
environmentally-damaged bloodstains or bone (and in some cases resulted in lower RFU values
for STR alleles), leaving its utility with these types of samples in question. Ultimately, the
collective results from studies with environmentally-damaged bloodstains and skeletal remains
suggest that the complexity and degree of damage dictates the efficacy of repair. Given that
many forensic samples are significantly damaged and the quantity available for testing is often
limited, the use of PreCR as a potential tool in casework is questionable due to its variable and
unpredictable results. Additionally, aside from the need for additional research data and
validation studies, quality control measures would need to be taken by the manufacturer if the
PreCR Repair Mix were to be utilized in a probative forensic context. All of the PreCR™
quality control assays have been performed on E. coli DNA (not human substrates), and the
product is not currently certified as being free of contaminating human DNA (28).
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Degenerate-oligonucleotide-primed PCR (DOP-PCR)
Optimization with High-Quality DNA
Seven different DOP-PCR primers and two different variations in DOP-PCR thermal
cycling parameters were tested. In particular, the efficacy of the original DOP-PCR method was
coampared with the 2009 Dawson Cruz protocol (which increased the number of low-stringency
cycles from five to twelve) (23).
Amplification of high-quality cell-line DNA with each of the seven degenerate primers
was performed to demonstrate that the reactions were working and to assess which primer(s)
performed better. Ultimately, early investigations during this study demonstrated that the six
modified DOP primers outperformed the original/traditional DOP primer (12) in terms of
increased RFU levels, recovery of alleles, and number of artifacts observed (data not shown).
For this reason, the study proceeded with focus on the modified primers. Two different input
template amounts (100pg and 500pg) of female 9947A and male 007 control DNA were used for
proof-of-concept prior to using the primers on damaged and LCN samples. All six primers
improved the STR profiling of both 9947A and 007 templates, as shown in Tables 19-22. In
these tables, the primer designations “dcDOP” and “abDOP” reflect modifications made to the
original DOP primer by the Dawson Cruz lab (23) and our laboratory, respectively (and as
described previously in the material and methods section of this report)

Table 19: Comparison of RFU peak heights after DOP-PCR of 100pg of high-quality
control DNA (9947A) with six different degenerate primers.
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Table 20: Comparison of RFU peak heights after DOP-PCR of 500pg of high-quality
control DNA (9947A) with six different degenerate primers.

Table 21: Comparison of RFU peak heights after DOP-PCR of 100pg of high-quality
control DNA (007) with seven different degenerate primers.
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Table 22: Comparison of RFU peak heights after DOP-PCR of 500pg of high-quality
control DNA (007) with seven different degenerate primers.

Modified DOP-PCR with Compromised Samples
With high-quality DNA, the preliminary data indicated that the 10N dcDOP primer, the
modified 12N abDOP primer, and the modified12N(2) abDOP primer performed best in terms of
increasing allele peak heights. Given these results, DOP-PCR with two of these new primers
was performed on damaged DNA from a human bloodstain that had been environmentallyexposed for 24 weeks. The amount of template was varied to assess the range of input DNA
needed to obtain optimal results. Although the 2009 Dawson Cruz study recommended that no
more than 100pg of DNA be used in the DOP-PCR reaction (to ensure profile quality with
minimal artifacts) (23), our results show that 100pg may not be enough template when dealing
with degraded samples (Table 23). Degraded samples simply may contain lower intact template
molecules, and in turn do not provide sufficient DNA for efficient binding of the degenerate
primers and subsequent DOP-PCR. The latter presumption (and our results) are further
supported by a 2003 study which found that, when amplifying low-copy and/or degraded DNA,
WGA requires several hundred picograms of template DNA to be effective in dealing with
stochastic selection of alleles (although this depends on the quality and specific characteristics of
each sample, and mitigating these stochastic effects may not be possible in all cases) (50).
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Table 23: DOP-PCR whole genome amplification of environmentally-damaged DNA in a
bloodstain after 24 weeks of exposure: Comparison of RFU values obtained with the10N
dcDOP primer and 12N(2) abDOP primer for three different amounts of input DNA (65.7pg,
328.5pg, and 657pg).
As shown in Table 23, both the 10N and 12N(2) primers were generally effective at improving
STR profiling of the damaged template, although they both performed better with a higher
amount of input DNA (657pg) than previously recommended. In fact, some allele dropout was
observed when less than 657pg of damaged template were added to the DOP-PCR. The
electopherograms shown in Figures18-19 further reveal that the previous assertion that addition
of more than 100pg of DNA results in significant artifacts (making results uninterpretable) does
not necessarily apply when the candidate template is substantially degraded prior to DOP-PCR.
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Figure 18A:
STR typing results for
an environmentallydamaged bloodstain
(Table 23) prior to
DOP-PCR, with
328.5pg of input DNA.

Figure 18B:
Electropherogram results
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for DOP-PCR of an environmentally-damaged bloodstain with the 10N dcDOP primer and
328.5pg of input DNA. These results demonstrate that input amounts greater than the previouslyrecommended “maximum” of 100pg do not produce substantial artifacts when the template is
significantly degraded prior to the DOP-PCR reaction.

Figure 18C:
Electropherogram results
for DOP-PCR of an
environmentally-damaged
bloodstain with the 12N(2)
abDOP primer and
328.5pg of input DNA.
Even with three times the
previously-recommended
input amount, only three
artifacts were observed
(one stutter peak, a drop-in
allele, and one off-ladder
allele, as labeled in the
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image). Note the higher allele peak heights compared with Figure 18B.

Interestingly, when the
input
template
was
increased to 657pg, the
10N dcDOP primer did
generate a substantial
number of artifacts, but
the
12N(2)
abDOP
primer still produced an
electropherogram with
minimal artifacts (with
the same quantity of
input DNA) (Figures
19B and 19C). Figure
19A shows STR typing
results from this blood
sample (Table 23) prior
to DOP-PCR.

Figure 19A:
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STR typing results for an environmentally-damaged bloodstain (Table 23) prior to DOP-PCR
,with 657pg of input DNA.
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Figure 19B: Electropherogram results
for DOP-PCR of an environmentallydamaged bloodstain with the 10N
dcDOP primer and 657pg of input
DNA. Substantial artifacts are present
(e.g. stutter peaks, drop-in alleles),
which would make interpretation of
this profile more difficult.
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Figure 19C:
Electropherogram results
for DOP-PCR of an
environmentally-damaged
bloodstain with the
12N(2) abDOP primer
and 657pg of input DNA.
This sample displays only
a few artifacts and is thus
better quality than the
results obtained when the
10N dcDOP primer was
used with the same sample
and an equivalent quantity
of input DNA (Figure
19B).
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Table 24 shows results of another environmentally-damaged bloodstain that was amplified with
the 10N dcDOP primer and 12N(2) abDOP primer. Since the maximum volume of extract that
can be added to the Identifiler Plus PCR amplification reaction is 10l, the “before DOPPCR” quantity listed in the table (728pg) represents the amount of DNA used in pre-DOP-PCR
genotyping (10l  0.0728 ng/l). Given that initial STR typing yielded a partial profile with
low RFU levels (Figure 20A), a full 1ng of input template DNA was used for the subsequent
DOP-PCR reactions.

Table 24: DOP-PCR whole genome amplification of environmentally-damaged DNA in a
bloodstain after 24 weeks of exposure: Comparison of RFU peak heights obtained with the10N
dcDOP primer and 12N(2) abDOP primer (1ng total input template DNA).

The electropherograms shown in Figures 20B-20C reveal DOP-PCR results with each primer
when a full 1ng (1000pg) of damaged template was used during WGA. Stutter peaks were
observed at a few loci with both primers, although these artifacts are generally interpretable and
could potentially be accounted for if 1) replicate DOP-PCR reactions were carried out on the
same sample and/or 2) if the stochastic interpretation threshold were raised.
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Figure 20A:
STR typing results for
an environmentallydamaged bloodstain
(Table 24) prior to
DOP-PCR, with
728pg of input DNA.
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Figure 20B:
Electropherogram
results for DOP-PCR
of an environmentallydamaged bloodstain
with the 10N dcDOP
primer and 1 ng of
input DNA. Two
stutter peaks and an
off-ladder allele are
observed at locus
D3S1358, but the
profile does not
exhibit excessive or
uninterpretable
artifacts, even with
1ng of input template.
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Figure 20C:
Electropherogram
results for DOP-PCR
of an environmentallydamaged bloodstain
with the 12N(2)
abDOP primer and
1ng of input DNA.
Stutter peaks are
observed at both
D8S1179 and
D3S1358 loci, but the
profile does not exhibit
excessive or
uninterpretable
artifacts, even with 1ng
of input template.
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In yet another example (Table 25), pre-WGA genotyping of an environmentally-damaged
bloodstain yielded a partial, low RFU profile. Again, since the maximum volume of extract that
can be added to the Identifiler Plus PCR amplification reaction is 10l, the “before DOP-PCR”
quantity listed in the table (107pg) represents the amount of DNA used in pre-DOP-PCR
genotyping (10l  0.0107 ng/l). Since this initial STR typing yielded a partial profile with low
RFU levels (Figure 21A), a full 1ng of input template DNA was used for the subsequent DOPPCR reactions. DOP-PCR results using the 10N dcDOP and 12N(2) abDOP primers are shown
in Figures 21B and 21C. Still consistent with the previously-described results, some artifacts are
observed, but they are not excessive and could potentially be accounted for if 1) replicate DOPPCR reactions were carried out on the same sample and/or 2) if the stochastic interpretation
threshold were raised.

Table 25: DOP-PCR WGA of environmentally-damaged DNA from a bloodstain after 24 weeks
of exposure: Comparison of RFU peak heights obtained with the10N dcDOP primer and 12N(2)
abDOP primer (1ng total input template DNA).
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Figure 21A:
STR typing results for
an environmentallydamaged bloodstain
(Table 25) prior to
DOP-PCR, with
107pg of input DNA.
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Figure 21B:
Electropherogram results
for DOP-PCR of an
environmentallydamaged bloodstain with
the 10N dcDOP primer
and 1ng of input DNA.
Multiple stutter peaks,
two off-ladder alleles,
and two drop-in alleles
are observed.
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Figure 21C:
Electropherogram results
for DOP-PCR of an
environmentally-damaged
bloodstain with the 12N(2)
abDOP primer and 1ng of
input DNA. This sample
displays only a few artifacts
and is thus better quality
than the results obtained
when the 10N dcDOP
primer was used with the
same sample and an
equivalent quantity of input
DNA (Figure 21B).
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In addition to environmentally-damaged bloodstains, DOP-PCR reactions also were
carried out on damaged DNA from human skeletal remains. Table 26 shows an example of
DOP-PCR results (using three different primers) with degraded DNA from a contemporary
human bone. With this particular sample, 413pg of initial input DNA yielded a very low RFU
profile when amplified with the Identifiler Plus PCR amplification kit (10l  0.0413 ng/l)
(Figure 22A). For this reason, 1000pg (1ng) of DNA was used in the subsequent DOP-PCR
reactions in an attempt to provide sufficient template for the degenerate primers and to try to
mitigate stochastic sampling during WGA. Interestingly, with this sample, very few stochastic
artifacts appeared in any of the resulting electropherograms (Figures 22B-22D). Furthermore,
both the 12N abDOP and 12N(2) abDOP primers outperformed the 10N dcDOP primer (in terms
of increased RFU peak heights) at nearly every locus examined.

Table 26: DOP-PCR WGA of degraded DNA from an environmentally-damaged contemporary
human bone sample: Comparison of RFU peak heights obtained using three different degenerate
primers [10N dcDOP, 12N abDOP, and 12N(2) abDOP] and with 1000pg (1ng) total input
DNA.
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Figure 22A:
STR typing results
for environmentallydamaged DNA from
a contemporary
human bone sample
(Table 26) prior to
DOP-PCR, with
413pg of input
DNA.
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Figure 22B:
Electropherogram
results for DOP-PCR
of environmentallydamaged DNA from
a contemporary
human bone sample
with the 10N dcDOP
primer and 1ng of
input DNA. No
stochastic artifact
peaks were observed.
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Figure 22C:
Electropherogram
results for DOP-PCR
of environmentallydamaged DNA from
a contemporary
human bone sample
with the 12N abDOP
primer and 1ng of
input DNA. Two
stutter peaks were
observed (17.9% and
14%, respectively).
DOP-PCR with this
primer outperformed
the 10N dcDOP
primer (in terms of
increased RFU peak
heights) at virtually
every locus
examined (see Table
26).
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Figure 22D:
Electropherogram
results for DOP-PCR
of environmentallydamaged DNA from a
contemporary human
bone sample with the
12N(2) abDOP
primer and 1ng of
input DNA. Only one
stutter peak was
observed, despite
adding ten times the
previouslyrecommended
maximum of 100pg
template. DOP-PCR
with this primer (as
well as with the 12N
abDOP primer, Figure
22C) outperformed the
10N dcDOP primer (in
terms of increased
RFU peak heights) at
virtually every locus
examined (see Table
26).
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Sample ID
Tooth #1_Hi-Flow-E1 13
Tooth #1_Hi-Flow-E2 13
Tooth #2_AFDIL-E1 13
Tooth #3_AFDIL-E1 13
Tooth #4_Hi-Flow-E1 13
Tooth #4_Hi-Flow-E2 13
R.femur 001.001_Hi-Flow-E1 13
R.femur 001.001_Hi-Flow-E2 13
R.femur 001.002_AFDIL-E1 13
R.femur 001.002_AFDIL-E2
R.femur 002.001_AFDIL-E1 13
R.femur 002.002_Hi-Flow-E1 13
R.femur 002.002_Hi-Flow-E2 13
R.femur 003.001_AFDIL-E1 13
R.femur 003.002_Hi-Flow-E1 13
R.femur 004.001_Hi-Flow-E1 13
R.femur 004.002_AFDIL-E1 13
R.femur 005.001_AFDIL-E1 13
R.femur 005.002_Hi-Flow-E1 13
R.femur 005.002_Hi-Flow-E2 13
R.femur 006.001_AFDIL-E1 13
R.femur 006.002_Hi-Flow-E1 13
R.femur 007.001_Hi-Flow-E1 13
R.femur 007.002_AFDIL-E1 13
R.femur 008.001_AFDIL-E1 13
R.femur 008.002_Hi-Flow-E1 13
R.femur 009.001_Organic-E1 13
R.femur 010.001_Organic-E1 13
R.femur 010.002 Hi-Flow-E1
R.femur 011.001_Hi-Flow-E1 13
R.femur 011.002_Organic-E1 13
R.femur 012.001_Hi-Flow-E1 13
R.femur 012.002_Organic-E1 13
Tibia 003.001_Organic-E1 13
Tibia 003.002 Hi-Flow-E1 13
Tibia 008.001_Hi-Flow-E1 13
Tibia 008.001_Hi-Flow-E2 13
Tibia 008.002_AFDIL-E1 13
Tibia 009.001_Hi-Flow-E1 13
Tibia.009.001_Hi-Flow-E2 13
Tibia 009.002_AFDIL-E1 13
Tibia 011.001_Hi-Flow-E1 13
Tibia 011.001_Hi-Flow-E2
Tibia 011.002_AFDIL-E1 13
Tibia 012.001_Organic-E1 13
Tibia 012.002_Hi-Flow-E1 13
Tibia 013.001_Hi-Flow-E1 13
Tibia 013.002_AFDIL-E1 13
Tibia 014.001_AFDIL-E1 13
Tibia 014.002_Hi-Flow-E1 13
Tibia 014.002_Hi-Flow-E2 13
Tibia 015.001_Hi-Flow-E1 13
Tibia 015.002_AFDIL-E1 13
Tibia 016.001_AFDIL-E1 13
Tibia 016.002_Hi-Flow-E1 13
Tibia 017.001_Hi-Flow-E1
Tibia 017.002_Organic-E1 13
Tibia 018.001_Hi-Flow-E1 13
Tibia 018.001_Hi-Flow-E2 13
Tibia 018.002_AFDIL-E1 13
Consensus STR Profile 13,13

D21
S11

D8S
117
9

A set of historical skeletal remains (120-year-old Civil War bones) also were subjected to
WGA with the three modified DOP-PCR primers. It should be noted that no single extract from
these remains yielded a full STR profile when initially examined (i.e. prior to WGA). Fifty
different bone sections (tibiae, femora, and teeth) were extracted via three different methods,
amplified with the AmpFlSTR Identifiler Plus PCR amplification kit, and the results were
compiled to generate a consensus profile (Table 27).
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Table 27: STR typing results for 120-year-old historical skeletal remains
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Table 28 and Figure 23A show DOP-PCR results using 489pg of input template DNA from these
remains. A higher quantity of DNA (e.g., 1ng) would have been preferable, but sufficient
volume of extract was not available to carry out the comparison DOP-PCR reactions using each
of the three modified primers. Using 1ng of input template likely would have further improved
the STR typing results. However, even when less than 1ng was used for the DOP-PCR reaction,
the RFU values at most loci increased and several alleles that had previously dropped out of the
profile were recovered. More importantly, the majority of the alleles that were recovered as a
result of DOP-PCR were consistent with the alleles in the compiled consensus profile (see Table
27 and Figures 23B-23D).

Table 28: DOP-PCR WGA of degraded DNA from 120-year-old historical human skeletal
remains (femur): Comparison of RFU peak heights obtained with the10N dcDOP primer, 12N
abDOP primer, and 12N(2) abDOP primer. Amount of DNA added to DOP-PCR reaction was
489pg. Numbers in red represent original RFU values prior to subjecting the sample to DOPPCR.
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Figure 23A:
STR typing results
for degraded DNA
from 120-year-old
historical human
skeletal remains
(femur) prior to
DOP-PCR, with
489pg of input
DNA (Table 28).
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Figure 23B:
Electropherogram results
for DOP-PCR WGA of
degraded DNA from 120year-old historical human
skeletal remains (femur)
with the10N dcDOP
primer. Amount of DNA
added to DOP-PCR
reaction was 489pg. No
artifact peaks were
observed, and recovered
alleles were consistent
with the previouslyconstructed consensus
profile (Table 27).
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Figure 23C:
Electropherogram
results for DOP-PCR
of degraded DNA from
120-year-old historical
human skeletal remains
(femur) with the12N
abDOP primer.
Amount of DNA added
to DOP-PCR reaction
was 489pg. A few
artifact peaks were
observed, including a
drop-in allele (allele
19) at the D18S51
locus that had not
previously been
observed in any of the
50 samples used to
construct the consensus
profile (Table 27).
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Figure 23D:
Electropherogram
results for DOP-PCR
of degraded DNA
from 120-year-old
historical human
skeletal remains
(femur) with
the12N(2) abDOP
primer. Amount of
DNA added to DOPPCR reaction was
489pg. A few artifact
peaks were observed,
including a drop-in
allele (allele 23) at the
D18S51 locus that had
not previously been
observed in any of the
50 samples used to
generate the consensus
profile (Table 27).
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Table 29 (below) depicts DOP-PCR results of another 120-year-old historical bone (tibia). As
was mentioned previously with the sample described in Table 28, a higher quantity of input
template DNA (e.g. 1ng) would have been preferable, but sufficient volume of extract was not
available to carry out the comparison DOP-PCR reactions using each of the three modified
primers. Again, using 1ng of input template likely would have further improved the STR typing
results. However, even when less than 1ng was used for the DOP-PCR reaction, the RFU values
at most loci increased and several alleles that had previously dropped out of the profile were
recovered (similar to the results with the femur sample in Table 28). Once again, the majority of
the alleles that were recovered as a result of DOP-PCR were consistent with the alleles in the
compiled consensus profile (electropherograms not shown).

Table 29: DOP-PCR WGA of degraded DNA from 120-year-old historical skeletal remains
(tibia): Comparison of RFU peak heights obtained with the10N dcDOP primer, 12N abDOP
primer, and 12N(2) abDOP primer. Amount of DNA added to DOP-PCR reaction was 519 pg.
Numbers in red represent original RFU values prior to subjecting the sample to DOP-PCR.
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DOP-PCR: Implications for Forensic Casework
The redesign of DOP-PCR primers was hypothesized to improve typing success of
degraded DNA and the data support that prediction. The original primer (and 10N dcDOP
primer) contained a restriction site because cloning of fragments was desired in the original
study. Thus, the restriction site in itself does not contribute to the amplification success and can
be removed. If removed, then there is more flexibility in primer design. In addition, the original
primer (i.e. 3′ end of the primer) design will identify on average a site in the genome
approximately every 4000 bases. Thus, the original primer could be effective for relatively intact
DNA; however, forensic samples may be degraded and such long fragments may not be
available for DOP-PCR. The newly designed primers are designed to sit on average
approximately every 256 bases and thus could amplify shorter fragments.
The methods employed in the studies herein increased the sensitivity of detection of
DNA typing. However, as with any samples with low amounts of template DNA that are
subjected to increased sensitivity of detection analyses, exaggerated stochastic effects were
observed. These effects manifested as heterozygote allele peak height imbalance, allele dropout,
and increased stutter. Also, allele drop-in was observed. These properties are inherent in low
template or LCN typing assays and are not novel observations. Thus no new artifacts were
observed. Such effects, however, will impact the ability to interpret results and apply reliable
statistical assessments. They are random and may not be observed consistently from multiple
aliquots of the same sample with the levels of DNA and sampling variance inherent in such
systems. Statistical models that incorporate uncertain events (e.g., peak area/height, drop-in,
dropout, stutter etc.) have been proposed to assess the probability of observed results (for
example see 46). Studies to quantify the uncertain events effectively are needed to employ a
statistical model.

IV.

Conclusions

Forensic samples can experience destructive taphonomic conditions, and thus have often
endured extensive microbial and environmental insults. Consequently, the DNA in these
environmentally-damaged samples frequently contains multiple complex lesions and may be
highly fragmented. Previous studies on repairing DNA focused primarily on damaging extracted
or naked DNA. We focused on damaging DNA in its native state. To do so entailed extensive
studies on conditions to damage DNA while it is still complexed with other cellular molecules.
Conditions are described in this report on how to damage such DNA and these can serve as a
guide for others who desire to study DNA damage and repair.
The PreCR™ Repair Mix appeared to be challenged by myriad states of DNA damage that
may be encountered in forensically-relevant samples. Considering that the amount of sample
available in forensic cases is often limited, using 10-20l of this valuable extract for PreCR
repair seems to be premature for casework applications, given the assay’s varied results.
However, additional strategies do exist for potentially improving STR profiles of degraded
and/or low-copy templates. Our assessment is that the unpredictable and variable results
obtained in our PreCR DNA repair experiments indicate that it is more prudent to focus on
amplifying existing intact template in low-copy or degraded samples as opposed to trying to
repair damage.
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We were successful in using a modified DOP-PCR to improve STR profiling of damaged
DNA from environmentally-exposed bloodstains and skeletal remains. Rather than a prior
recommendation not to exceed 100pg of input DNA (23) because of observed excessive artifacts,
our results, with different primer design, indicated that up to 1ng of template can be added
without production of excessive artifacts in the resultant electropherograms (especially when the
candidate samples are severely degraded and have previously produced very low-RFU peak
heights or partial profiles). However, the same stochastic and contamination effects observed
with LCN typing were observed in the amplified samples. Future investigations might involve
comparing results obtained from these DOP-PCR studies to a 2008 Cold Spring Harbor protocol
(which involves “re-charging” the low-stringency PCR product with additional reagents before
proceeding with high-stringency thermal cycling). It has been purported that addition of a
newly-prepared master mix of PCR reagents to the low-stringency WGA product is necessary to
provide sufficient resources for subsequent high-stringency cycles (i.e., because some of these
reagents may have been depleted/exhausted during the first 5 cycles, thereby limiting the amount
of product that can be produced in the second phase of DOP-PCR) (20).
Another potential strategy that could help mitigate and account for the stochastic effects
observed in DOP-PCR of degraded and LCN templates is to perform independent replicate
amplifications of each sample. Performing replicate DOP-PCR reactions could assist in the
generation of a consensus STR genotype, and would help compensate and account for alleles that
may drop in or out of the profile. This recommendation, however, assumes that sufficient
template/extract is available for replicate DOP-PCR reactions. Lastly, large sample studies will
be needed to estimate, if feasible, the rates of drop-in, dropout, and increased stutter if a
statistical model is to be applied to WGA treated samples.
In late 2012, Zong et al (60) described a novel WGA method termed Multiple Annealing
and Looping-Based Amplification Cycles (MALBAC). The methodology is based on quasilinear preamplification to reduce the bias often associated with nonlinear amplification. Their
results with MALBAC demonstrate successful amplifification of picogram quantities of DNA.
However, DNA fragment sizes in the 10-100kb in size are required as starting templates for
MALBAC reaction (60). Since these fragment sizes are substantially larger than those typically
encountered in degraded samples, MALBAC is not likely a candidate for use in forensic
casework. But the fact that it showed promise for minute quantities of DNA may suggest some
specialized applications.
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VI.

Dissemination of Research Findings

Presentations
Promega 22nd International Symposium on Human Identification
October 2011 (National Harbor, MD)
 Poster presentation: “Assessing the Role of DNA Repair in Forensically Revelant
Samples.” A.Ambers, R.Benjamin, M.Turnbough, and B.Budowle
National Institute of Justice (NIJ) Annual Conference
June 2012 (Arlington, VA)
 Poster presentation: “Assessing the Role of DNA Repair in Forensically Revelant
Samples.” A.Ambers, R.Benjamin, M.Turnbough, and B.Budowle
Promega 23rd International Symposium on Human Identification
October 2012 (Nashville, TN)
 Poster presentation: “Assessing the Role of DNA Repair and Whole Genome
Amplification (WGA) in Forensically Revelant Samples.” A.Ambers, R.Benjamin,
M.Turnbough, and B.Budowle
American Academy of Forensic Sciences (AAFS) 65th Annual Scientific Meeting
NIJ Grantees Meeting, February 2013 (Washington D.C.)
 Oral presentation: “Assessing the Role of DNA Repair and Whole Genome
Amplification (WGA) in Forensically Relevant Samples.” A.Ambers and B.Budowle
American Academy of Forensic Sciences (AAFS)
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“Tarnished Gold Standard: Limited Quantity and Degraded DNA, Part I”
(Three separate webinars: May 7, 14, and 16, 2013)
 Webinar oral presentation: “Addressing Quality and Quantity: the Role of DNA Repair
and Whole Genome Amplification (WGA) in Forensically Relevant Samples.”
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 “Assessment of the Role of DNA Repair in Forensically Relevant Samples”
 “Improved DOP-PCR for Amplification of Degraded DNA in
Environmentally-damaged bloodstains and Human Skeletal Remains”
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