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for a range of template concentrations and when using different
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Abstract
Massively parallel sequencing (MPS) of mitochondrial (mt) DNA allows practitioners the ability to fully resolve heteroplasmic
sites. In forensic DNA analysis, identifying heteroplasmy (a naturally occurring mixture of two mtDNA profiles) can provide
additional mtDNA profile information which can lead to an increase in the discrimination potential of an mtDNAmatch between
an evidentiary sample and reference source. Forensic samples such as hair and skeletal remains, especially older, more compro-
mised samples, can often exhibit DNA damage. Because both damage and heteroplasmy can manifest as a mixture of two
nucleotides, it is important to differentiate between the two conditions when interpreting mtDNAMPS data. In this study, DNA
damage was applied under controlled conditions to samples containing a range of template concentrations, including some with
identified heteroplasmy. Damage was applied via storage in water at room temperature on samples diluted before or after storage
to mimic low template scenarios. Damage was assessed with respect to the following areas: mtDNA quantification and degra-
dation ratios, MPS read depth, MPS profile results, overall damage rates, and the interpretation of heteroplasmy. Datasets were
generated to assess and compare two different amplification and library preparation strategies: the Promega PowerSeq™ CRM
Nested System kit and a 1.16 kb target amplicon of the entire mtDNA control region followed by a Nextera® XT library
preparation. The results of this study provide an evaluation of the Promega 10-plex MPS procedure as an improved process to
mitigate the impact of mtDNA damage on low template samples. Some of the negative effects of damage observed in this study
were a decrease in mtDNA yield by 20–30% and lower quality MPS sequencing results. These effects were observed more
frequently when samples were diluted prior to inducing damage, illustrating that low template samples are more susceptible to
damage. The findings of this study will assist forensic laboratories in differentiating between damage and heteroplasmy, which is
essential when developing robust mtDNA MPS interpretation guidelines such as setting appropriate reporting thresholds.
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Introduction

Forensic mitochondrial (mt) DNA cases often involve com-
promised, low template evidence such as aged hair shafts and
skeletal remains. Therefore, DNA damage is routinely en-
countered when performing sequence analysis of these sample
types. The need to further identify and characterize DNA dam-
age, especially with the onset of newer technologies like mas-
sively parallel sequencing (MPS), is clear, as the ability to
resolve sites of damage has increased.

Patterns of DNA damage across genomic and mtDNA se-
quence have beenwell studied in the ancient DNA community
[1–5]. The majority of damage studies conducted in the
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forensic community have focused on short tandem repeat
(STR) loci [for example, 6, 7], with historical studies examin-
ing mtDNA damage associated with conventional Sanger-
type sequencing (STS) data [8]. While the impact of
mtDNA damage onMPS results has been reported in a limited
number of recent studies [9–11], the value of the current study
is the introduction of damage in a controlled environment
using hydrolysis (DNA stored in water at room temperature)
to create a simulation of damage occurring naturally in foren-
sic evidentiary samples at low template amounts and when
using different amplification and library preparation ap-
proaches. In addition, the ability to compare the results to
known mtDNA MPS profiles addresses the limitations of an-
cient and forensic DNA damage studies, which are restricted
to observing the aftermath of damagewith no clear knowledge
of the true mtDNA profile [10, 12].

Different forms of DNA damage have been characterized
on a molecular level such as oxidative lesions [13], damage
induced by ultraviolet radiation [14], depurination [15, 16],
and deamination [17]. The current study focused on DNA
damage caused by depurination and deamination, as both
types of DNA damage are a direct result of hydrolysis; al-
though oxidative damage can also occur through passive hy-
drolysis, but at a lower rate. Depurination typically involves
the loss of purine bases (adenine and guanine) due to hydro-
lytic cleaving of the N-glycosyl bond, resulting in an abasic
site [5, 18]. During the extension step of PCR, any base will be
incorporated opposite of the abasic site, although adenine is
preferentially incorporated [19]. Either way, the result may be
a miscoding event, including a transversion.

Deamination, the removal of an amine group from a nitrog-
enous base, most commonly results in the hydrolytic conver-
sion of cytosine to uracil, an analog of thymine [2, 20].
Deamination of adenine to hypoxanthine, an analog of gua-
nine, has also been documented as another form of DNA
damage [21]. These deamination conversions result in two
complementary groups of transitions, termed “type 1” (A-G/
T-C) and “type 2” (C-T/G-A) [21]. Because both depurination
and deamination can generate miscoding lesions, manifested
as either base modifications or mixed sites, this can in turn
lead to erroneous interpretation ofmtDNA sequence data. One
potential way of addressing these misincorporation events is
through the use of repair treatments on deaminated residues
[20, 22]. In fact, recent repair studies have begun to illustrate
that damage lesions can often be repaired prior to MPS anal-
ysis [10, 23].

The reporting of heteroplasmy will enhance the overall
value of mtDNA testing in forensic casework by increasing
the discrimination potential and weight of an mtDNA match
[24] and allowing for the differentiation of maternal relatives
[25]. Forensic DNA laboratories using STS technology are
limited in their ability to report heteroplasmy, especially at
low levels, as the detection of minor variant single nucleotide

polymorphisms (SNPs) is 10–20%, depending on the analyt-
ical noise or error in the sequencing instrument [26]. MPS
approaches allow for increased resolution, providing the fo-
rensic community the opportunity to identify, report, and cap-
italize on heteroplasmic variants [27]. It has been shown that
MPS technology can detect true heteroplasmic variants down
to a level of at least 2% [27, 28], supported through an analysis
of analytical noise or error [29]. Therefore, the ability to detect
and report low-level heteroplasmy, along with the diminished
quality of evidence samples routinely encountered in forensic
casework, means that DNA damage will impact the interpre-
tation process, and therefore, will require appropriate modifi-
cations to mtDNA MPS reporting guidelines. The objectives
of the current study were to assess the impact of DNA damage
on mtDNA MPS data associated with a range of template
DNA concentrations, and when using different amplification
and library preparation strategies for MPS analysis.

Materials and methods

Biological sample collection and preparation

Buccal samples from ten healthy donors were collected in
accordance with the Penn State University internal review
board (IRB) approved protocol STUDY00000970. Samples
were organically extracted; lysis with 400 μL of UV irradiated
stain extraction buffer (molecular biology grade (MBG) 2%
SDS (Amresco; Solon OH), 10 mM EDTA (Promega;
Madison, WI), 100 mM NaCl (Dot Scientific; Burton, MI),
7.6 mM Tris-HCl, pH 8.0 (Quality Biological; Gaithersburg,
MD)) and 10 μL of 20 mg/mL of MBG proteinase K
(ThermoFisher Scientific; Carlsbad, CA) for approximately
2 h at 56 °C, followed by MBG phenol-chloroform-isoamyl
alcohol (PCIA) (Sigma-Aldrich; St. Louis, MO) purification,
ethanol precipitation, and resuspension in 50 μL of MBG
water (G-Biosciences; St. Louis, MO). Low binding tubes
(Eppendorf; Hamburg, Germany) were used to store the
DNA extracts and subsequent dilutions. Quantification was
performed using a custom duplex mtDNA quantitative PCR
(mtqPCR) assay (see quantification section) on the Applied
Biosystems 7500 instrument (according to the manufacturers
recommended protocol), and each extract was diluted with the
same lot of MBG water to a concentration of approximately
100,000mtDNA copies/μL (equivalent to 0.66–1.32 ng/μL of
nuclear (n) DNAwhen assuming 500–1000 copies of mtDNA
and 6.6 pgs of nDNA per cell). Extracts were stored at 4 °C for
no longer than 72 h prior to being diluted and subjected to
conditions designed to induce DNA damage. An extraction
reagent blank control was quantified with each set of five
DNA extracts. The first reagent blank quantified below the
mtqPCR standard curve (3 mtcopies) and the second reagent
blank quantified between the lowest two standards (28
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mtcopies). Therefore, the reagent blanks were not carried
through PCR and MPS.

Preparation of damaged DNA samples and
experimental design

From each dilution of 100,000 mtcopies/μL, two further dilu-
tions were made: 25,000 mtcopies/μL and 2500 mtcopies/μL.
The same lot of water was used for the dilutions that was used
for resuspending the original DNA extracts. One undiluted
aliquot was taken from each 100,000 mtcopies/μL sample
and stored at − 20 °C to be used as an undamaged control
for each of the five donors for the two experiments. The three
dilutions for each donor were incubated at room temperature
for 3 weeks. Preliminary experiments were attempted using a
37 °C incubation instead of room temperature for a shorter
time period, however the results led to complete degradation
rather than observable damage lesions. Two damage negative
controls containing just the MBG water were also carried
through the experiment. After the 3-week incubation period,
the damaged 100,000 mtcopies/μL sample for each donor was
diluted to 25,000 mtcopies/μL and 2500 mtcopies/μL. This
allowed for the observation of DNA damage in low template
conditions both before and after the damage occurred.

Two identical experiments involving five different donor
samples were conducted, for a total of ten donor samples
tested. Each experiment included a comparison of two differ-
ent PCR amplification/library preparation approaches. Six

samples per donor were tested for each approach (Fig. 1), with
each of the six samples run in duplicate, and the PCR ampli-
fications replicated, for a total of 120 samples per experiment,
and an overall total of 240 samples in this study.

mtqPCR assay

After the 3-week incubation at room temperature and subse-
quent dilutions, an mtqPCR assay was performed on the 240
samples. The custom duplex mtqPCR assay [30] was used to
assess mtDNA yield for the different dilutions before and after
inducing DNA damage. A small target of 69 base pairs (bps),
utilizing the previously published mtND1 primers and
TaqMan probe from [31], was combined with a large target
of 283 bps, utilizing the previously published mt8154 primers
and probe from [32], with the dye on the mt8154 probe
changed from VIC to FAM. This strategy allowed for quanti-
fication of DNA extracts (small target) and relative analysis of
DNA degradation (large target). The DNA standard used for
the mtqPCR assay was the Quantifiler® Human Standard
DNA (Applied Biosystems; Foster City, CA). Aliquots of
the standard were sent to the National Institute of Standards
and Technology (NIST) to certify the number of mtDNA cop-
ies per μL. Eight concentrations of the standard (200,000,
20,000, 2000, 200, 150, 100, 50, and 10 mtDNA copies/μL)
were used to create the standard curve. Copies of mtDNA per
unit volume were determined within 24 h of the completion of
the 3-week incubation.

Fig. 1 Experimental design
schematic showing how the
dilutions of donor mtDNA
extracts were performed in order
to observe DNA damage in low
template conditions. 25 K and
2.5 K copies/μl dilutions were
created from 100 K copies/μl
both before and after the damage
was induced by storing the sam-
ples in water at room temperature
for 3 weeks. An undamaged con-
trol of 100 K copies/μl was also
created for each donor by taking
an aliquot from the undamaged
100 K copies/μl sample and stor-
ing at − 20 °C
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The two damage negative controls along with a mtqPCR
no template control (NTC) were run with each set of 30 sam-
ples. All negative controls quantified below the mtqPCR stan-
dard curve. MIQE guidelines [33] related to the mtqPCR as-
say have been addressed according to forensic considerations
[34], including in previous studies [11, 30].

Amplification and library preparation using the
PowerSeq CRM kit (10-plex)

Following incubation at room temperature and subsequent
quantification, each of the sample dilutions was amplified
using the PowerSeq™ CRM Nested System kit from
Promega (Madison, WI), referred to as “10-plex”moving for-
ward. Duplicate amplifications were performed for all sam-
ples. Template input amounts ranged from 1000 to 100,000
copies of mtDNA. Kit recommendations call for ~ 38,000–
76,000 copies (0.5 ng of nDNA). Experience in previous stud-
ies [11, 30] supports the production of quality MPS results
from as little as 1000–5000 copies of mtDNA. The kit utilizes
a single multiplexed PCR reaction with ten overlapping tar-
gets spanning the mtDNA control region (CR); CRM stands
for control region mitochondrial. The primers for amplifica-
tion include priming adapters for incorporation of indices and
P5/P7 sequences during the original PCR, streamlining library
preparation. The amplification, and subsequent purification,
quantification and normalization steps followed the manufac-
turer’s instructions. If the concentration of amplicon for a
sample was less than the desired 4 nM, then the sample was
not diluted prior to being added to the pooled library. The
pooled library was spiked with 15% PhiX Control v3
(Illumina), instead of the recommended 10%, due to a lack
of diversity in the target amplicons. The final loading concen-
tration of the pooled library was 10 pM, instead of the recom-
mended 12.5–15 pM, due to over-clustering observed during
initial run assessments. The prepared library was run on an
Illumina® MiSeq with a 600-cycle v3 kit (Illumina; San
Diego, CA), providing 300 × 300 paired end reads. Negative
controls (the two damage negatives and one amplification
blank) were run with each set of 60 samples. A PCR positive
control (2800 M) was also included in each run, resulting in a
total of 64 total samples per MiSeq run. The 100,000
mtcopies/uL samples stored at − 20 °C served as an undam-
aged positive control for each donor, as it was assumed that
DNA damage would be negligible or non-existent given pre-
vious findings [9].

Amplification and library preparation using the
Nextera XT kit with entire CR amplicon (1 kb)

The second set of 120 samples was amplified using a PCR
approach that targets a 1.16 kb amplicon encompassing the
entire mtDNA CR [29]. This amplification scenario will be

referred to as “1 kb” from this point forward. Template input
amounts ranged from 700 to 75,000 copies of mtDNA. The
following oligonucleotide primers (Integrated DNA
Technologies Inc.; Coralville, IA) were used: 5′-CACC
ATTAGCACCCAAAGCT-3′ (forward primer F15997) and
5′-TCAGTGTATTGCTTTGAGGAGGT-3′ (reverse primer
R590). Both primers were modified to include the Illumina
overhang adapter sequence at the 5′ end of the locus specific
primer [35]. The transposase adapted primers allow for the
binding of indices and P5/P7 sequencing adapters during li-
brary preparation for sequencing on the Illumina MiSeq. Each
amplification reaction had a total volume of 25 μL containing
2.5 μL of 10x TaKaRa Ex PCR buffer with 20 mM Mg2+

(Clontech, Mountain View, CA), 0.4 mM of each
deoxynucleoside triphosphate (TaKaRa dNTP mixture;
Clontech), 1.25 units TaKaRa Ex Taq polymerase
(Clontech), 0.4 μM of each primer (IDT), and up to 10 μL
of template DNA. For negative controls, 10 μL ofMBGwater
was added in place of template DNA. Duplicate amplifica-
tions were carried out for all samples. PCR was performed
in a GeneAmp® PCR System 9700 (Applied Biosystems,
Foster City, CA) thermal cycler using the following condi-
tions: a 94 °C soak for 1 min; 98 °C for 10 s, 56 °C for 30 s,
68 °C for 1 min for 35 cycles; 72 °C for 5 min; 4 °C hold. Prior
to library preparation, the PCR products were quantified using
the non-specific Qubit® dsDNA BR assay kit and the Qubit®
2.0 Fluorometer (Invitrogen, Carlsbad, CA) according to the
manufacturer’s recommendations. Library preparation was
performed according to the Nextera® XT protocol (Illumina,
San Diego, CA). The final loading concentration of the pooled
library was 10 pM and included a 5% spike of PhiX Control
v3 (Illumina). Samples with less than the desired 4 nM were
not diluted prior to being added to the pooled library.
Sequencing runs were performed on an Illumina®MiSeqwith
a 300-cycle v2 reagent kit (Illumina), providing 150 × 150
paired end reads.

MPS data analysis

Secondary analysis of fastq files generated from the MiSeq
Reporter software (Illumina) were analyzed using
GeneMarker® HTS (GM HTS; SoftGenetics, State College,
PA), version 1.2.2 [36]. Sequences were aligned to the revised
Cambridge reference sequence (rCRS) [37, 38] with the aid of
a custom motif file to ensure that phylogenetically correct
calls were made for each sample. SNPs present in 50% or
more of the reads were considered major variants and collec-
tively referred to as the sample haplotype. Minor variants,
present in less than 50% of the reads, represented sites of
potential heteroplasmy or DNA damage. The filter settings
were set to include the following: nucleotide positions (nps)
16024-16569 and 1-576 of the mtDNA CR as the identified
range of sequence analyzed, 200 reads of minimum coverage
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at each np to be reported, 40 reads of minimum coverage for a
minor variant to be reported, 1% threshold for including var-
iant positions in the minor reporting table, ≤ 10 for the allele
score difference, ≤ 2.5 for the SNP balance ratio, and ≤ 5.0 for
the indel (insertion/deletion) balance ratio. A 2% reporting
threshold was used for heteroplasmic positions, with the 1%
filter serving as an analytical threshold. Given a 2% reporting
threshold and the minor variant read coverage set at 40, each
position required a minimum coverage of 2000 reads to report
≥ 2% heteroplasmy. Likewise, when calculating the damage
rates, each damage site required a minimum coverage of 4000
reads to report ≥ 1% damage. Variants observed at a higher
percentage could be reported with lower total read depth. Only
SNP-related heteroplasmy or damage was considered for this
study.

A conservative estimation of the total substitution error for
all nucleotides was used to establish the level of background
noise in the sequencing data, and calculated as previously
described [29]. The total average error rate was determined
to be 0.205 ± 0.002 and 0.297 ± 0.069 per 100 nucleotides for
the 1 kb and 10-plex MiSeq runs, respectively. Lower error
rates were observed for high quality DNA samples (without
damage): 0.182 ± 0.065 and 0.231 ± 0.066 per 100 nucleo-
tides for 1 kb and 10-plex MiSeq runs, respectively. Higher
error rates were observed for damaged, low quality samples
when using the 10-plex in previous studies: 0.325 ± 0.101 for
hair and 0.485 ± 0.005 for metal cartridge casings [29].
Therefore, the overall rates for the current study were consis-
tent with expectations. In turn, the analytical threshold of 1%
was established by taking the average total error rate, adding
ten standard deviations, and rounding up to 1%. Supplemental
Table 1 lists the SNPs and indels in themtDNACR for each of
the ten donor haplotypes. Heteroplasmy observed at the
reporting threshold of ≥ 2% for minor variants was included
in the donor profile, along with the corresponding minor var-
iant frequency (MVF). Donor concordance was verified
through replicate analysis.

Calculations and statistical analysis

The mtDNA quantification results were expressed as percent
yield (observed/expected). Statistical significance was evalu-
ated for the percent yield values by applying the non-
parametric Kruskal-Wallis test [39], with post hoc testing
using Dunn’s test [40] with Benjamini-Hochberg correction
for multiple testing.

Degradation ratios were calculated by dividing the number
of mtDNA copies based on the 69 bp (small) target amplicon
by the number of copies based on the 283 bp (large) target
amplicon (i.e., # of copies of small fragment/# of copies of
large fragment). Statistical significance was evaluated by ap-
plying the non-parametric Kruskal-Wallis test, with post hoc

testing using Dunn’s test with Benjamini-Hochberg correction
for multiple testing.

Read depths were evaluated using base call counts taken
from GM HTS output files. The average read depth per sam-
ple was calculated by averaging the total number of base calls
at each np across the CR (1122 np total) for each sample.
Individual average read depth values were then grouped to-
gether based on dilution category. Because the 1 kb data were
generated using a 300-cycle kit and the Promega 10-plex data
were generated using a 600-cycle kit, the read depth data was
normalized to account for this difference. This was accom-
plished by obtaining the yield values from each MiSeq run
using the MiSeq Sequencing Analysis Viewer (SAV) soft-
ware. The 600-cycle yield was then divided by the 300-
cycle yield to obtain a correction factor. Each 1 kb value
was then multiplied by this correction factor.

The MPS results were placed into three categories: full
profiles, partial profiles, and no results. Samples were still
considered full profiles if major profile SNPs in the HV2 C-
stretch region (nps 303–315) fell below the 200 read cutoff.
This is due to the characteristic low read depth obtained in this
region [28]. Partial profiles were defined as incomplete pro-
files where all known SNPs were not observed in the major
profile (missing SNPs in addition to the HV2 C-stretch).
When all SNPs fell below the 200 read cutoff, this was defined
as no results. It is important to note that read depths below 200
are acceptable for reporting haplotypes. However, when con-
sidering the reporting of heteroplasmy, read depths exceeding
2000 are desired. Therefore, read depths under 200 were cat-
egorized as examples of no results for the purpose of this
analysis. Two-proportion z-tests [41] for equality of propor-
tions without continuity correction were applied to evaluate
the statistical significance of success rates for generating an
mtDNA MPS profile. The alpha value for the z-test was ad-
justed for multiple testing using the Holm’s method.

Two different read depth cut-offs were chosen for the dam-
age rate calculations, 4000 reads and 1000 reads. The 4000
read cutoff was selected based on our GM HTS filter settings
requiring a minimum of 40 variant calls and an analytical
threshold of ≥ 1%. The 1000 read cutoff was used for com-
parison purposes to assess the loss of damage sites due to low
read depth. It should be noted that 95% of the damage sites
were ≥ 1000 reads. Therefore, using a threshold of 1000
served as an exercise to ensure that a greater percentage of
sites could be evaluated for damage rate calculations. Damage
rates were calculated on a per nucleotide basis as follows: total
number of damage sites at a given analytical threshold/total
number of viable nucleotide positions × 100, where a viable
np is defined as a position passing the minimum coverage
reporting parameter corresponding to a given analytical
threshold. Specifically, any np below 4000 or 1000 reads
which failed the minimum coverage requirement, and there-
fore any damage present at that position would not be reported
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by the GMHTS software, were not included in the calculation
as viable nps. Damage rates per sample were evaluated using
Kruskal-Wallis testing, post hoc Dunn’s test, and Benjamini-
Hochberg correction for multiple tests.

A five-point Likert scale, which is a rating scale approach
that assumes that the strength or intensity of the response
being scaled is linear [42], was applied for the overall damage
assessment. Each data point (sample) in each of the four cat-
egories was assigned a damage coefficient ranging from one
to five (1–5) with five representing little to no damage and one
representing the most damaged samples. The mtqPCR, degra-
dation ratios, and damage rates data sets were each divided
into thirds: the lowest third (highest for mtqPCR yield) were
assigned a damage coefficient of five (5), the middle third a
three (3), and the highest third (lowest for mtqPCR yield) a
value of one (1). For theMPS profile results, full profiles were
assigned a five (5), partial profiles a three (3), and no results a
one (1). For comparison purposes, this data set was reduced to
120 data points by averaging the duplicate amplifications as
follows: one full profile and one partial profile was assigned a
four (4); one partial profile and one no results was assigned a
two (2); and one full profile and one no results was assigned a
three (3). The overall damage assessment was calculated by
averaging the damage coefficients for all four categories.
Likert scale data was generated using the R package Likert
[43].

All statistical analyses were conducted using RStudio
v.1.1.383; RStudio Team, 2015; R v.3.6.1 [44].

Results and discussion

mtQuantification and degradation

The mtDNA quantification results were expressed as percent
yield (observed/expected) and compared between each dilu-
tion group: 100,000 mtcopies/uL undamaged (100KUndam),
100,000 mtcopies/uL damaged (100 K Dam), 25,000
mtcopies/uL diluted before damaged (25 K dBD), 25,000
mtcopies/uL diluted after damaged (25 K dAD), 2500
mtcopies/uL diluted before damaged (2.5 K dBD), and 2500
mtcopies/uL diluted after damaged (2.5 K dAD), with 20
samples in each dilution group comprised of 10 donors and
duplicates to cover both amplification scenarios. The mean
percent yield for the 100 K undamaged samples is 97% and
decreases to 76% for the 100 K damaged samples. The other
dilution groups have similar mean percent yields, with the
2.5 K dBD group having the lowest mean (70%). This dilution
group also has the lowest end of the lower quartile falling
below 40% yield. The only comparisons that were marginally
statistically significant were between the 100 K Undam and
the 100 K Dam samples (p value of 0.047) and the 100 K
Undam and the 25 K dAD samples (p value of

0.039)(Fig. 2). As expected, these findings illustrate that dam-
aging DNA lowers yields as seen by the 20–30% average
mtDNA loss following controlled damage events. However,
it is important to note that damage can manifest itself as frag-
mentation or lesions that make primer binding less optimal. So
lower yields can also be associated with reduced templates
available for amplification.

Degradation ratios were calculated for each dilution category
(n = 20) and depicted as a box and whisker plot (Fig. 3). As
expected, there was no degradation observed in the 100 K un-
damaged samples (a mean ratio of 1). A 4 to 5-fold increase in
degradation was observed in the 100 K and 25 K damaged
samples; mean values between 3.7 and 4.8, respectively. The
mean degradation ratio for the 2.5 K dAD samples increased to
9.7 and increased another 4-fold to 36.7 for the 2.5 K dBD
samples. The most statistically significant comparisons are as
follows: p values of 8.49 × 10−7 for 100 K Undam compared
with 25 K dBD, 2.31 × 10−8 for 100 K Undam compared with
2.5 K dAD, and 3.22 × 10−10 for 100 K Undam compared with
2.5 K dBD, with a complete list provided in Supplemental
Table 2. Overall, these data clearly illustrate that as DNA tem-
plate amounts decrease, the level of degradation increases. In

Fig. 2 Box and whisker plot depicting mtqPCR results as percent yield
(observed/expected) for each dilution category (n = 20 per category) after
exposure to DNA damage. Two outliers were observed for the 100 K
Undam category (82% and 85%). Median values are depicted by lines
within box plots. Kruskal-Wallis test (with Benjamini-Hochberg correc-
tion for multiple testing) p values are given in the bottom portion of the
figure with the ends of the brackets denoting which datasets are being
compared
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addition, and as expected, ratios were higher when samples were
diluted prior to damage, with the 2.5 K dBD dilution group
having the highest degradation rate; including the two highest
outlier degradation ratios of 145 and 349.

MPS read depth/coverage characteristics

Evaluating the coverage of MPS sequence data is an effective
way to assess the quality and quantity of mtDNA sequence
information obtained from each sample. As a comparative
assessment, normalized average read depths for the different
dilution categories, as well as between the two amplification
schemes, are presented in Fig. 4. Similar read depths were
observed for the 100 K Undam samples when using either
of the amplification approaches; average of 83 K reads for
the 1 kb samples and 69 K reads for the 10-plex samples.
Once damage was applied, there was an overall pattern of
higher read depths observed in the 10-plex samples compared
with the 1 kb samples; with the exception of the 2.5 K dAD
group. A small increase was observed in the read depths of the
10-plex 100 K damage samples (61 K v. 45 K). Observations
in the other dilution groups were as follows: a 7-fold read
depth increase in the 10-plex for the 25 K dBD sample group;
a 2.5-fold increase in the 25 K dAD group; and a 6-fold in-
crease in the 2.5 dBD group. These observations are expected
since the target amplicons are much smaller for the 10-plex.
While the 2.5 K dAD group yielded a 2.8-fold increase in the
read depth for the 1 kb samples over the 10-plex samples,
these findings may have been impacted by the limited data
for the 1 kb samples.

Another interesting comparison was the point where the
average read depths start to dramatically decrease for each
amplification schemewhen considering the different damaged
dilution groups. As expected, the average read depth contin-
ued to steadily decline as the input template DNA decreased
with each dilution group. Themost significant decrease for the
1 kb amplification scenario was going from the 100 K Dam
sample group to the 25 K dBD dilution group (10-fold de-
crease).Whereas, the most significant decrease for the 10-plex
amplification scheme was going from the 25 K dAD dilution

Fig. 3 Box and whisker plot depicting mtqPCR results as degradation
ratios (mtcopies of 69 bp target/mtcopies of 283 bp target) for each dilu-
tion category (n = 20 per category) after exposure to DNA damage. The
following outliers were removed from the figure: 2.1 (100 K Undam), 11
(100 K Dam), 145 and 349 (2.5 K dBD), and 28 and 39 (2.5 K dAD).
Median values are depicted by lines within box plots. Kruskal-Wallis test
(with Benjamini-Hochberg correction for multiple testing) p values are
given in the top portion of the figure with the ends of the brackets
denoting which datasets are being compared

Fig. 4 Comparison of normalized
average read depths between
different DNA damage dilution
categories and two amplification
and library prep strategies (1 kb v.
Promega 10-plex; n = 20 per
category)
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group to the 2.5 K dAD dilution group (9-fold). These results
suggest that average read depth is more negatively impacted
for the 1 kb amplification approach when compared with the
10-plex amplification method. Nonetheless, it is important to
note that these findings are impacted by template availability,
library preparation, and software alignment and filtering pa-
rameters, so are only a comparative view of the quality of the
data generated from samples with varying degrees of damage.

MPS mtDNA profile results

Another way to assess the quality and quantity of mtDNA
MPS sequence data is by analyzing the profile results and
measuring the effect of damage and degradation. To achieve
this, the sequence data were placed into three categories: full
profiles, partial profiles, and no results.

Samples were divided into dilution categories and the two
amplification approaches were compared. Each group of data
points were expressed as percentages of full profiles, partial
profiles, and no results (Table 1 and Fig. 5). The results clearly
illustrate that the 10-plex amplification yields higher percent-
ages of full profiles across each dilution group when com-
pared with the 1 kb samples (p value of 2.25 × 10−12).
Although, full profiles were obtained from the undamaged
samples for both amplification schemes. As damage was in-
troduced in the 100 K Dam samples, an immediate decrease
was observed in the percentage of full profiles (70%) for the
1 kb strategy, with continued substantial decreases as the
amount of template DNA was reduced. Whereas 90–100%
full profiles were observed in every dilution category of the
10-plex samples except for the 2.5 K dilution categories. This
pattern mirrors the read depth results, with the higher read
depth and higher percentage of full profiles obtained from
the low template 10-plex samples, most likely attributed to
the increased ability of the 10-plex to amplify smaller, more
degraded fragments of mtDNA.

For both amplification approaches, the 2.5 K dBD category
had the lowest percentage of full profiles and the highest per-
centage of no results. In fact, this dilution category is the only
group that had no results (40%) in the 10-plex samples.
Comparing full profile results of the 2.5 K dBD dilution group
to the others resulted in the following statistically significant
p values: 2.47 × 10−10 compared with 100 K Undam, 2.04 ×
10−6 compared with 100 K Dam, and 3.45 × 10−4 compared
with 25 K dAD. This trend also correlates with the degrada-
tion ratio results, where the 2.5 K dBD samples had the
highest degradation ratios, adding further evidence to the con-
clusion that diluting samples before introducing damage had
more of a negative impact than diluting after the damage was
introduced. The overall pattern observed in both amplification
formats is that as the template DNA decreases, the amount of
damage/degradation increases, which in turn negatively af-
fects the ability to obtain full mtDNA profiles.

DNA damage rates

Damage rates (damaged sites per 100 nps) were calculated for
each sample and grouped together in different ways to assess
overall damage patterns. Two different read depth cut-offs were
used in the calculations; 4000 and 1000 reads. To account for
zero value damage rates obtained in samples with no damage,
and also for samples that were too degraded and gave no results,
the following values were used: 0.001 for undamaged samples
and 3.11 (highest observed damage rate value +10%) for degrad-
ed samples with no results. Results across dilution groups when
using the 4000 read cutoff (Fig. 6) illustrate that the 100 K
Undam samples were void of damage for both amplification
approaches. Following damage, rate patterns were quite dissim-
ilar between the two approaches. The 100 K Dam samples had
very low rates of damage when using the 10-plex approach
(mean value of 0.005), while the 1 kb samples had significantly
higher rates (mean value of 1.3).Mean damage rates increased to
~ 0.2 for the 10-plex 25K samples, whether the damage occurred
before or after dilution, while the 1 kb mean rates increased to
between 2 and 3 for all 25 K and 2.5 K samples. The mean rates
of the 10-plex samples increased 10-fold when going from the
25 K dilution categories to the 2.5 K. The most statistically
significant increase in mean damage rate for the 1 kb samples
was between the 100 KUndam group and the 100 KDam group
(p value of 5.57 × 10−5), compared with the 10-plex samples
where the most significant increase was between the 25 K dBD
and 2.5 K dBD groups (p value of 3.52 × 10−4). For a compre-
hensive list of all p values related to damage rates, see
Supplemental Table 3.

When comparing the two amplification scenarios side by side
for each dilution group, the mean rates for the 100 K Dam, 25 K
dBD and 25 K dAD groups were all significantly higher for the
1 kb samples (p values of 8.35 × 10−5, 2.85 × 10−6, and 3.52 ×
10−4, respectively). For the 2.5K groups, although themean rates

Table 1 MPS results depicted as percentages of full profiles, partial
profiles, and no results across each dilution category and comparing the
two amplification and library prep strategies (1 kb v. Promega 10-plex).
n = 20 per category

Full Profiles Partial Profiles No Results

1 kb 10-plex 1 kb 10-plex 1 kb 10-plex

100K Undam 100% 100% 0% 0% 0% 0%

100K Dam 70% 100% 0% 0% 30% 0%

25K dBD 10% 90% 10% 10% 80% 0%

25K dAD 45% 100% 0% 0% 55% 0%

2.5K dBD 10% 50% 0% 10% 90% 40%

2.5K dAD 20% 80% 0% 20% 80% 0%
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for the 1 kb samples were closer to three and the 10-plex sample
rates were closer to two, the comparisons were not statistically
significant. It should be noted that many of the 1 kb samples in
the 25 K dBD and 2.5 K dilution groups gave lower amounts of
MPS data, including a large percentage of samples with no re-
sults due to low amplification yield or read depth, and were
therefore given damage rate values of 3.11. The high levels of

degradation for these samples resulted in the inability to effec-
tively amplify a 1 kb target (1.16 kb amplicon size). When dam-
aging low amounts of template, it is expected that a greater
proportion of the template pool will be impacted through damage
lesions and resulting fragmentation. Therefore, the dramatic in-
crease in rates as template decreased is expected for both ampli-
fication approaches.

Fig. 6 Box and whisker plot depicting damage rates (number of damage sites/number of total sites reported × 100) calculated across each dilution
category using a 4000 read cutoff and a comparison of the 1 kb and Promega 10-plex amplification and library prep strategies (n = 20 per category)

Fig. 5 MPS results depicted as
percentages of full profiles, partial
profiles, and no results across
each dilution category and
comparing the two amplification
and library prep strategies (1 kb v.
Promega 10-plex). n = 20 per
category
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The overall mean damage rate of the 1 kb samples was 2.0,
significantly higher when compared with a rate of 0.79 for the
10-plex samples (p value of 5.89 × 10−10). As damage occurs
to DNA templates, they begin to fragment at or near the lesion
sites. Given that the 1 kb approach requires longer templates
for amplification, it is expected that rates of damage will be
higher, as the approach captures templates that possess a
higher number of damage lesions before fragmentation; con-
sistent with previous observation in forensic casework [8].
The damage rates were also compared with [9], ranging from
0.09 to 1.5 per 100 nucleotides. While the previous study
involved 0.5 ng/μL of nDNA (38,000–76,000 copies of
mtDNA/μL), and the damage was induced by storage in water
at room temperature for 8–34 weeks, the target amplicon was
~ 2 kb. Given that the damage rates fell within the same gen-
eral range as seen in the current study, this supports the con-
tention that more damage will be detected as the amplicon
length increases. Overall, it is clear that the 10-plex samples
yielded less DNA damage and produced more MPS profile
information.

Interestingly, when the damage rates were calculated
using a 1000 read cutoff, the trend in rates was very sim-
ilar (Supplemental Fig. 1). However, the overall mean
decreased for both amplification scenarios (down to 1.53
for 1 kb and 0.46 for 10-plex). It was predicted that the
10-plex damage rate may increase closer to the 1 kb rate
due to the increased number of damage sites observed
within the 1000–4000 read window for the 10-plex sam-
ples (111 compared with 22 for the 1 kb samples), but it
was clear that the number of total viable nucleotides also
increased dramatically, especially in the lower template
samples. It is therefore evident that target amplicon length
is the primary factor in determining damage rates for sam-
ples when performing mtDNA MPS analysis on low
amounts of highly damaged DNA templates.

Characterization of DNA damage

A major benefit of conducting a controlled study on DNA
damage is that it allowed for a unique opportunity to examine
and characterize the frequency and type of damage present in
hundreds of DNA samples. A total of 486 damage sites were
observed and analyzed across all samples in the study, with
144 sites observed in the 1 kb samples and 342 sites in the 10-
plex samples. Three different areas were examined in order to
characterize the DNA damage: (1) the type of base change
observed, (2) the minor variant frequencies (MVF), and (3)
the damage hotspots observed three or more times. It should
be noted that the resulting misincorporations at damage le-
sions were observed in the MPS data as a minor fraction of
the sequencing reads covering a specific nucleotide position
and were typically not associated with SNPs. As expected,
this was impacted by the number of starting templates avail-
able for the initial amplification.

The type of base change across all damage sites was
expressed as a percentage of the total number of damage sites
for each amplification scenario (Fig. 7). For the 1 kb damage
sites, the A-G base change had the highest frequency at 29%,
followed by C-T and T-C (~ 20%), C-A and G-T (~ 10%), and
G-A (~ 6%). For the 10-plex damage sites, the C-T base
change had the highest frequency at 33%, followed by G-T
at 17%, C-A at 15%, G-A at 12%, T-C at 11%, and A-G at
9%. Both amplification formats had negligible or no damage
manifesting as C-G, G-C, T-A, T-G, A-C, or A-T base chang-
es, all transversions. Instead, the types of damage correlated
with deamination and depurination events, consistent with the
exposure of samples to hydrolytic damage. It should be noted
that type 1 deamination (A-G and T-C base changes) occurred
more frequently in the 1 kb samples, whereas type 2 deami-
nation (C-T and G-A base changes) occurredmore often in the
10-plex samples. Damage lesions occurring in mtDNA

Fig. 7 Frequencies of each type
of base change observed in 486
damage lesions across all samples
and comparison of two
amplification and library prep
strategies (1 kb v. Promega 10-
plex). Data is stacked, not
overlapping. Type 1 deamination
is represented by A-G and T-C
base changes and type 2 deami-
nation by C-T and G-A base
changes

100 Int J Legal Med (2021) 135:91–106



casework samples such as aged bones and hair typically rep-
resent type 2 deamination when using smaller primer sets in
PCR amplification [8]. While a previous DNA damage study
on control samples reported predominantly type 1 deamina-
tion when using a 2 kb PCR amplification scenario [9]. These
findings suggest that the type of base change may be correlat-
ed to the type of PCR amplification approach, specifically the
size of the targets being amplified, and to the nature of how the
damage was inflicted. Examining exclusively the occurrence
of assumed type 2 deamination, 26% of the 1 kb damage sites
showed type 2 lesions, compared with 45% of the 10-plex

sites. A further assumption can be made that the remaining
base changes were a result of depurination or other types of
damage.

The MVFs of damage sites are indicative of the relative
amount of damage being observed at each nucleotide position
and were plotted (Fig. 8) for every site in order to assess the
importance of setting analytical and reporting thresholds to mit-
igate the effect of damage in forensic DNA casework. For ex-
ample, 56% of the 1 kb damage sites and 63% of the 10-plex
sites fell under the 2% MVF reporting threshold set by our
laboratory and supported by assessments of error rates in

Fig. 8 Individual MVFs of 486 damage lesions observed across the
control region for all samples (144 in the 1 kb samples and 342 in the
10-plex samples). Proposed analytical (2%) and reporting (5%)

thresholds are marked by the first and second circles moving outward,
respectively, for each dataset. The minor variant frequency plot for the
two library preparation kits used the shiny Circos package by [45]
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empirical data [29]. In turn, 88% of the 1 kb sites and 90% of
the 10-plex sites fell under a 5% threshold, while 97% of the
1 kb sites and 99% of the 10-plex sites fell under a 10% thresh-
old. Therefore, at least for the samples in this study, by setting a
5–10% reporting threshold, the damage observed in this study
has little impact on the interpretation of the MPS data.
However, in forensic casework it is often desirable to report
heteroplasmy at a lower level; ideally down to at least a 2%
threshold. In this study, the MVFs of the known heteroplasmic
sites among the ten donors were as follows: 13%, 5%, 3%, and
two sites at 2%. Therefore, this allowed for an evaluation of
whether relatively low-level heteroplasmic sites could be dis-
tinguished from damage. For the vast majority of sites in this
study, damage was not duplicated in the replicate PCR
amplicon further supporting that replicate analysis of extracts
will mitigate the inaccurate reporting of damage as
heteroplasmy [8, 9]. Alternatively, a consistent pattern of
heteroplasmy was duplicated in the replicate MPS data, includ-
ing reproducibility in their MVFs, consistent with previous
studies [26, 46, 47]. Data showing the reproducibility of the
heteroplasmy MVFs in duplicate amplifications can be found
in Supplemental Table 4 (standard deviations ranged from 0 to
2.8, with one outlier at 4.9). In general, duplicate amplifications
showed lower standard deviations from the average compared
with the overall standard deviation for each heteroplasmic site.
This is due in part to the higher standard deviations observed as
the amount of damage increased in most of the lower template
samples. Interestingly, when looking at the individual MVFs
themselves (both heteroplasmy and damage sites), no correla-
tionwas observed between increasedMVFs and lower template
samples, including as they became more damaged. This is a
promising finding for casework applications.

It is important to point out that potential damage hotspots
may be helpful when analyzing MPS sequence data and dif-
ferentiating between damage and heteroplasmy. A listing of
35 potential damage hotspots observed in this study is provid-
ed (Table 2), with a “hotspot” defined as three or more occur-
rences of a damage lesion across all samples in the study. Out
of the 35 hotspots, 20 (57%) were duplicated across the two
independent experiments. The distribution of potential
hotspots occurs as follows: 63% in the first half of the CR
(between np 16024–16569) and 37% in the second half of
the CR (1-576). Each hotspot in this study was observed three
or four times, except for np 16390, which was seen seven
times. Within 18 of the 35 hotspots, alternate variants or base
changes were observed. For example, four instances of dam-
age were observed at np 545, with two instances of a minor
G545T lesion and two instances of a minor G545A lesion.
Damage lesions most often occurred at a C or G nucleotide
position, with two instances occurring at an A (nps 189 and
16265) and no instances occurring at a T. There were six
instances in a total of three samples of damage lesions that
occurred across duplicate PCR amplifications of the same

sample. All three samples were in the lowest dilution group
(2.5 K) and all six damage lesions were considered hotspots in
this study (nps 172, 389, 412, 545, 16348, and 16401). When
comparing the 35 hotspots to a previous damage study [9],
five sites were observed in both: nps 67, 189, 16265, 16390,
and 16519. The hotspots were also compared with
heteroplasmy hotspots published or reported in previous stud-
ies. The first study used an STS approach and published 48
positions of heteroplasmy observed two or more times [48]
and a second study applied an MPS approach and reported 26
positions of heteroplasmy that were observed five or more
times (unpublished data). Interestingly, when comparing them

Table 2 Potential damage hotspots (n = 35) observed three or more
times across all samples in the current study

Base position Total observations Base change/# observations

67 3 G-T (2); G-C (1)

81 3 G-T (2); G-A (1)

107 3 G-T (2); G-A (1)

113 3 C-T (3)

143 3 G-A (2); G-T (1)

162 4 C-A (3); C-T (1)

172 4 T-C (4)

187 4 G-T (4)

189 3 A-G (2); A-C (1)

195 3 T-C (3)

389 4 G-T (4)

412 3 G-T (3)

545 4 G-T (2); G-A (2)

16026 3 C-A (3)

16027 3 T-C (3)

16065 3 G-T (2); G-A (1)

16118 4 G-T (4)

16179 4 C-T (3); C-A (1)

16218 3 C-T (2); C-A (1)

16222 3 C-T (3)

16261 3 C-T (3)

16265 4 A-G (3); A-C (1)

16291 3 C-T (3)

16328 3 C-T (2); C-A (1)

16348 3 C-T (1); C-A (2)

16390 7 G-A (6); G-T (1)

16401 3 C-T (3)

16414 3 G-T (3)

16460 3 C-T (3)

16496 3 G-T (2); G-A (1)

16506 3 T-C (3)

16519 4 T-C (4)

16520 4 C-A (2); C-T (2)

16558 3 G-T (2); G-A (1)

16566 4 G-T (3); G-A (1)
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to the current study, there is relatively little overlap. A total of
seven sites (out of 35) overlapped; np 16179 (MPS study
only), nps 16261 and 16291 (STS study only), and nps 189,
195, 16390, and 16519 (both heteroplasmy studies), with nps
189 and 195 exhibiting heteroplasmy in two of the current
study donors. Of these seven sites, only nps 195 and 16591
were included within the top ten most observed heteroplasmic
hotspots of the two previous studies. These findings will be
helpful to practitioners when developing guidelines for differ-
entiating between sites of damage and heteroplasmy.

Overall damage assessment

In an attempt to assess the overall damage encumbered by
each sample, and by proxy each dilution group, the following
four features of damage were evaluated and combined:
mtqPCR yield, degradation ratios, MPS profile results, and
damage rates.

Using the damage coefficients, each of the four data sets
was graphed individually and then combined together as an
overall damage assessment (Fig. 9). These plots accurately
represent the trends and patterns observed throughout the data,
as illustrated by the decreasing damage coefficients as DNA
template decreased. As the overall damage assessment plot
indicates, 100% of the 100 K Undam samples had a damage
coefficient of five (5), immediately dropping to 57% (4), 29%
(3), and 14% (2) for the 100 K Dam samples. It should be
noted that the 2.5 K dBD samples had the highest overall
damage (lowest damage coefficients) with 29% (3) and 71%
(1/2). The overall plot also highlights the disparity between
the dAD and dBD groups, clearly illustrating that the dBD
samples (both 25 K and 2.5 K) have lower damage coeffi-
cients than their dAD counterpart. This is consistent once
again with the conclusion that diluted samples will exhibit
greater damage.

Fig. 9 Overall damage assessment using a damage coefficient scale of 1–
5 (1 = highest damage; 5 = little to no damage). Individual plots are
shown for the four categories (datasets): damage rates, degradation ratios,
MPS profile results, and mtqPCR yield, from top to bottom. The last plot

shows the overall damage assessment when averaging the damage coef-
ficients for all four categories. Comparisons between the dilution catego-
ries are depicted by the percentages of each dilution category that fall into
the different damage coefficient bins (1–5)
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Analysis of positive and negative controls

All MPS profile results gave the correct known haplotypes,
including all positive controls. No contamination was ob-
served in the sequencing results of the 10-plex samples.
Only two instances of minimal contamination were observed
in the sequencing results of the 1 kb samples. The first in-
volved nps 16249 and 16256 which were observed in the
positive control at MVFs of 16% and 22%, respectively.
These two sites were also observed in two different dilution
samples of Donor 2, 100 K undamaged (4%MVF) and 100 K
damaged (4–6% MVF). This was most likely a random con-
taminant, as the two sites were not present in the known pro-
files of any of the ten donors and they were only observed in
Experiment 1. The second instance of contamination involved
np 16069, which was observed in Donors 3 and 5 in
Experiment 1 and Donors 6 and 10 in Experiment 2. Each
time this contaminant was observed, it was in highly damaged
samples with low read depth and the 16069 variant was the
only sequencing result obtained. In both experiments, there
was at least one donor that had 16069 as part of their known
profile, therefore, it is possible that this was carry-over con-
tamination from one donor to another during DNA extraction
or PCR. No mtDNA sequence profile information was obtain-
ed from any of the negative controls across both experiments;
in fact, each negative control contained fewer than an average
of 50 reads per np. It should also be noted that the Promega
10-plex kit contains two degenerate primer sets to account for
common variants that lie within primer binding sites which
can elicit artifacts at nps 228 and 16111. In the current study,
these two artifacts were manifested as transition SNPs in the
minor profile, with a MVF of 3–4% for the 228 artifact (G-A)
and 7–10% for the 16111 artifact (C-T). To simplify interpre-
tation, it is recommended that primer sequences be removed
during data analysis [49].

Conclusions

The findings of this study clearly demonstrate, in a controlled
environment, that DNA damage impacts the quantity and
quality of mtDNA sequence when interpreting data from
low template, compromised samples. As damage increases,
mtDNA yield decreases, by an average of 20–30% for this
study. The lower the input template DNA, the more impactful
the damage, which was further evidenced by increased degra-
dation ratios, decreased MPS read depth and profile results,
and increased damage rates in the lower template samples.
And as expected, damage increased when occurring after the
dilution of samples (dBD). These patterns were clearly illus-
trated through an assessment of damage coefficients.
Therefore, it is particularly important to protect against further
DNA damage when extracting low amounts of DNA from

forensic samples and storing them in an aqueous environment.
Clearly, from this and previous studies [9, 11], it is important
to store extracts at or below − 20 °C and in a buffered solution
(e.g., low TE) for subsequent MPS analysis and interpretation
of low-level heteroplasmy.

When comparing the 1 kb and 10-plex approaches, the 10-
plex samples had higher read depth in every dilution category
(with the exception of one), had a greater percentage of full
MPS profiles, and had a lower overall damage rate. The 1 kb
samples exhibited much higher damage rates in the 100 K and
25 K dilution groups compared with the 10-plex samples,
presumably due to the capturing of damage lesions from lon-
ger amplicon targets. It was also clear that a large percentage
of the 25 K and 2.5 K samples were too degraded for the 1 kb
approach while being successfully amplified with the smaller
10-plex targets (~ 162 versus 1160 base pairs).

An important component of this study was the comparison
of samples diluted before or after the damagewas applied. The
majority of the findings support the conclusion that diluting
samples prior to damage had a negative impact on the ability
to obtain high quality MPS sequencing results, especially for
the 2.5 K samples. The samples in the 2.5 K dBD group had a
significantly higher degradation ratio, the lowest read depth
(in the 1 kb samples only), the lowest percentage of full MPS
profile results, the highest percentage of no MPS results, and
the highest damage rates in the 10-plex samples. This trend
was also clearly depicted in the overall damage assessment
plot. This illustrates that samples with lower starting amounts
of template DNA are generally more susceptible to DNA
damage.

This study presented a rare opportunity to characterize hun-
dreds of damage lesions that were a result of hydrolytic dam-
age in a controlled setting using donor samples with known
mtDNA profiles. Examination of the types of base changes,
including hotspots, provides useful tools in the interpretation
of mtDNA results with respect to differentiating between
damage and heteroplasmy, as well as using the MVF data as
guidance in setting appropriate thresholds in theMPS analysis
of damaged mtDNA. For example, it is apparent that in this
study and in practice, most damage can be differentiated from
heteroplasmy by performing duplicate PCR amplifications.
This practice is supported and recommended [8, 50], includ-
ing in the ancient DNA community [20]. In this study, the
only instances of damage sites being replicated through dupli-
cate amplifications turned out to be damage hotspots. Also, in
the determination of analysis thresholds, because most of the
damage lesions in this study occurred at 5% MVF or less, a
5% reporting threshold may be warranted when confronted
with damaged samples. Whereas in mtDNA MPS analyses
where DNA damage is not an issue, it may be possible to
lower the threshold to 2%, allowing for inclusion of low-
level heteroplasmy which has the potential to increase the
statistical value of a mtDNA match.
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The results of this study provide an assessment of the
Promega 10-plex MPS kit as an improved method of
diminishing the effects of mtDNA damage on low template
samples. As more forensic DNA laboratories begin to transi-
tion to an MPS protocol, it will be essential to develop robust
interpretation guidelines that include not only strategies for
mitigating DNA damage but also integrating the analysis of
heteroplasmy as a more routine practice in mtDNA analysis.

Acknowledgments The authors thank our scientific advisors Gloria
Dimick (Mitotyping Technologies), Todd Bille and Steve Weitz (ATF
Laboratory), and Charla Marshall and Erin Gorden (AFDIL) for their
input and support throughout this project; and Promega for their generous
support, especially Spencer Hermanson for his technical guidance and
advice. This research was supported by the National Institute of Justice
– NIJ Grant Award 2015-DN-BX-K025. The points of view in the pub-
lication are those of the authors and do not represent the official position
or policies of the U.S. Department of Justice.

Funding information This study was funded by the National Institute of
Justice – NIJ Grant Award 2015-DN-BX-K025.

Data availability MPS data files associated with this study cannot be
made available as consent to do so was not obtained.

Compliance with ethical standards

This study was approved by the Penn State University internal review
board (IRB) protocol STUDY00000970.

Conflict of interest The authors declare that they have no conflicts of
interest.

Consent to participate Informed consent was obtained from all individ-
ual participants/donors included in this study.

References

1. Pääbo S (1989) Ancient DNA: extraction, characterization, molec-
ular cloning, and enzymatic amplification. Proc Natl Acad Sci 86:
1939–1943

2. Lindahl T (1993) Instability and decay of the primary structure of
DNA. Nature 362:709–715

3. Briggs AW, Stenzel U, Johnson PLF, Green RE, Kelso J, Prüfer K,
Meyer M, Krause J, Ronan JT, Lachmann M, Pääbo S (2007)
Patterns of damage in genomic DNA sequences from a
Neandertal. Proc Natl Acad Sci 104:14616–14621

4. Sawyer S, Krause J, Guschanski K, Savolainen V, Pääbo S (2012)
Temporal patterns of nucleotide misincorporations and DNA frag-
mentation in ancient DNA. PLoS One 7:e34131

5. Dabney J, Meyer M, Pääbo S (2013) Ancient DNA damage. Cold
Spring Harb Perspect Biol 5. https://doi.org/10.1101/cshperspect.
a012567

6. Ambers A, Turnbough M, Benjamin R, King J, Budowle B (2014)
Assessment of the role of DNA repair in damaged forensic samples.
Int J Legal Med 128:913–921

7. Hall A, Sims LM, Ballantyne J (2014) Assessment of DNA damage
induced by terrestrial UV irradiation of dried bloodstains: forensic
implications. Forensic Sci Int Genet 8:24–32

8. Melton T, Holland C, Holland M (2012) Forensic mitochondrial
DNA analysis: current practice and future potential. Forensic Sci
Rev 24:101–122

9. Rathbun MM, McElhoe JA, Parson W et al (2017) Considering
DNA damage when interpreting mtDNA heteroplasmy in deep se-
quencing data. Forensic Sci Int Genet 26:1–11

10. Gorden EM, Sturk-Andreaggi K, Marshall C (2018) Repair of
DNA damage caused by cytosine deamination in mitochondrial
DNA of forensic case samples. Forensic Sci Int Genet 34:257–264

11. Holland MM, Bonds RM, Holland CA, McElhoe JA (2019)
Recovery of mtDNA from unfired metallic ammunition compo-
nents with an assessment of sequence profile quality and DNA
damage through MPS analysis. Forensic Sci Int Genet 39:86–96

12. Lamers R, Hayter S, Matheson CD (2009) Postmortem miscoding
lesions in sequence analysis of human ancient mitochondrial DNA.
J Mol Evol 68:40–55

13. Cooke MS, Evans MD, Dizdaroglu M, Lunec J (2003) Oxidative
DNA damage: mechanisms, mutation, and disease. FASEB J 17:
1195–1214

14. Cadet J, Sage E, Douki T (2005) Ultraviolet radiation-mediated
damage to cellular DNA. Mutat Res Fundam Mol Mech Mutagen
571:3–17

15. Fattorini P,Marrubini G, Sorçaburu-Cigliero S, Pitacco P, Gregnani
P, Previderè C (2011) CE analysis andmolecular characterisation of
depurinated DNA samples. Electrophoresis 32:3042–3052

16. Fattorini P, Previderè C, Sorçaburu-Cigliero S, Marrubini G, Alù
M, Barbaro AM, Carnevali E, Carracedo A, Casarino L, Consoloni
L, Corato S, Domenici R, Fabbri M, Giardina E, Grignani P,
Baldassarra SL, Moratti M, Nicolin V, Pelotti S, Piccinini A,
Pitacco P, Plizza L, Resta N, Ricci U, Robino C, Salvaderi L,
Scarnicci F, Schneider PM, Seidita G, Trizzino L, Turchi C,
Turrina S, Vatta P, Vecchiotti C, Verzeletti A, de Stefano F
(2014) The molecular characterization of a depurinated trial DNA
sample can be a model to understand the reliability of the results in
forensic genetics. Electrophoresis 35:3134–3144

17. Gilbert MT, Hansen AJ, Willerslev E, Rudbeck L, Barnes I,
Lynnerup N, Cooper A (2003) Characterization of genetic
miscoding lesions caused by postmortem damage. Am J Hum
Genet 72:48–61

18. Kunkel TA (1984)Mutational specificity of depurination. Proc Natl
Acad Sci 81:1494–1498

19. Obeid S, Blatter N, Kranaster R, Schnur A, Diederichs K,WelteW,
Marx A (2010) Replication through an abasic DNA lesion: struc-
tural basis for adenine selectivity. EMBO J 29(10):1738–1747

20. Hofreiter M, Jaenicke V, Serre D, von Haeseler A, Pääbo S (2001)
DNA sequences from multiple amplifications reveal artifacts in-
duced by cytosine deamination in ancient DNA. Nucleic Acids
Res 29:4793–4799

21. Hansen AJ, Willerslev E, Wiuf C, Mourier T, Arctander P (2001)
Statistical evidence for miscoding lesions in ancient DNA tem-
plates. Mol Biol Evol 18:262–265

22. Briggs AW, Stenzel U, Meyer M, Krause L, Kircher M, Pääbo S
et al (2010) Removal of deaminated cytosines and detection of
in vivo methylation in ancient DNA. Nucleic Acids Res 38:e87

23. Mouttham N, Klunk J, Kuch M, Fourney R, Poinar H (2015)
Surveying the repair of ancient DNA from bones via high-
throughput sequencing. BioTechniques 59:19–25

24. Ivanov PL, Wadhams MJ, Roby RK, Holland MM, Weedn VW,
Parsons TJ (1996) Mitochondrial DNA sequence heteroplasmy in
the Grand Duke of Russia Georgij Romanov establishes the authen-
ticity of the remains of Tsar Nicholas II. Nat Genet 12:417–420

25. Holland MM, Makova KD, McElhoe JA (2018) Deep-coverage
MPS analysis of heteroplasmic variants within the mtgenome al-
lows for frequent differentiation of maternal relatives. Genes 9:
124–144

105Int J Legal Med (2021) 135:91–106

https://doi.org/10.1101/cshperspect.a012567
https://doi.org/10.1101/cshperspect.a012567


26. Just RS, Irwin JA, Parson W (2015) Mitochondrial DNA
heteroplasmy in the emerging field of massively parallel sequenc-
ing. Forensic Sci Int Genet 18:131–139

27. Holland MM, McQuillan MR, O’Hanlon KA (2011) Second gen-
eration sequencing allows for mtDNA mixture deconvolution and
high resolution detection of heteroplasmy. CroatMed J 52:299–313

28. McElhoe J, Holland M, Makova K, Su MS-W, Paul I, Baker C,
Faith S, Young B (2014) Development and assessment of an opti-
mized next-generation DNA sequencing approach for the
mtgenome using the Illumina MiSeq. Forensic Sci Int Genet 13:
20–29

29. McElhoe JA, Holland MM (2020) Characterization of background
noise in MiSeq MPS data when sequencing human mitochondrial
DNA from various sample sources and library preparationmethods.
Mitochondrion 52:40–55

30. Gallimore JM, McElhoe JA, Holland MM (2018) Assessing
heteroplasmic variant drift in the mtDNA control region of human
hairs using an MPS approach. Forensic Sci Int Genet 32:7–17

31. TimkenMD, Swango KL, Orrego C et al (2005) A duplex real-time
qPCR assay for the quantification of human nuclear and mitochon-
drial DNA in forensic samples: implications for quantifying DNA
in degraded samples. J Forensic Sci 50:1044–1060

32. Niederstätter H, Köchl S, Grubwieser P, Pavlic M, Steinlechner M,
ParsonW (2007) Amodular real-time PCR concept for determining
the quantity and quality of human nuclear and mitochondrial DNA.
Forensic Sci Int Genet 1:29–34

33. Bustin SA, Benes V, Garson JA, Hellemans J, Huggett J, Kubista
M, Mueller R, Nolan T, Pfaffl MW, Shipley GL, Vandesompele J,
Wittwer CT (2009) The MIQE guidelines: minimum information
for publication of quantitative real-time PCR experiments. Clin
Chem 55(4):611–622

34. Courts C, Pfaffl MW, Sauer E, Parson W (2019) Pleading for ad-
herence to the MIQE-guidelines when reporting quantitative PCR
data in forensic genetic research. Forensic Sci Int Genet 42:e21–e24

35. Illumina (2013) 16S metagenomic sequencing library preparation.
Rev. B ed. San Diego: Illumina, Inc.

36. Holland MM, Pack ED, McElhoe JA (2017) Evaluation of
GeneMarker® HTS for improved alignment of mtDNAMPS data,
haplotype determination, and heteroplasmy assessment. Forensic
Sci Int Genet 28:90–98

37. Anderson S, Bankier AT, Barrell BG, DeBruijn MHL, Coulson
AR, Drouin J, Eperon C, Nierlich DP, Roe BA, Sanger F,
Schreier PH, Smith AJH, Staden R, Young IG (1981) Sequence

and organization of the human mitochondrial genome. Nature
290:457–465

38. Andrews RM, Kubacka I, Chinnery PF, Lightowlers RN, Turnbull
DM, Howell N (1999) Reanalysis and revision of the Cambridge
reference sequence for human mitochondrial DNA. Nat Genet 23:
147

39. Kruskal WH, Wallis WA (1952) Use of ranks in one-criterion var-
iance analysis. J Am Stat Assoc 47:583–621

40. Ogle DH,Wheeler P, DinnoA (2020) FSA: fisheries stock analysis.
R package version 0.8.30 https://github.com/droglenc/FSA.
Accessed 19 Mar 2020

41. Wilson EB (1927) Probable inference, the law of succession, and
statistical inference. J Am Stat Assoc 22:209–212

42. Likert R (1932) A technique for the measurement of attitudes. Arch
Psychol 140:1–55

43. Bryer J, Speerschneider K (2016) Likert: analysis and visualization
Likert items. R package version 1.3.5. https://CRAN.R-project.org/
package=likert. Accessed 19 Mar 2020

44. RStudio Team (2015) RStudio: integrated development for R.
RStudio, Inc., Boston

45. Yu Y, Ouyang Y, Yao W (2017) Shiny Circos: an R/Shiny appli-
cation for interactive creation of Circos plot. Bioinformatics 34:
1229–1231. https://doi.org/10.1093/bioinformatics/btx763

46. Comas D, Pääbo S, Bertranpetit J (1995) Heteroplasmy in the con-
trol region of human mitochondrial DNA. Genome Res 5:89–90

47. Melton T (2004) Mitochondrial DNA heteroplasmy. Forensic Sci
Rev 16:1–20

48. Irwin JA, Saunier JL, Niederstätter H, Strouss KM, Sturk KA,
Diegoli TM, Brandstätter A, Parson W, Parsons TJ (2009)
Investigation of heteroplasmy in the human mitochondrial DNA
control region: a synthesis of observations from more than 5000
global population samples. J Mol Evol 68:516–527

49. Huszar TI, Wetton JH, Jobling MA (2019) Mitigating the effects of
reference sequence bias in single-multiplex massively parallel se-
quencing of the mitochondrial DNA control region. Forensic Sci Int
Genet 40:9–17

50. Alaeddini R, Walsh SJ, Abbas A (2010) Forensic implications of
genetic analyses from degraded DNA-A review. Forensic Sci Int
Genet 4:148–157

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

106 Int J Legal Med (2021) 135:91–106

https://github.com/droglenc/FSA
https://cran.r-roject.org/packageikert
https://cran.r-roject.org/packageikert
https://doi.org/10.1093/bioinformatics/btx763

	Damage...
	Abstract
	Introduction
	Materials and methods
	Biological sample collection and preparation
	Preparation of damaged DNA samples and experimental design
	mtqPCR assay
	Amplification and library preparation using the PowerSeq CRM kit (10-plex)
	Amplification and library preparation using the Nextera XT kit with entire CR amplicon (1&newnbsp;kb)
	MPS data analysis
	Calculations and statistical analysis

	Results and discussion
	mtQuantification and degradation
	MPS read depth/coverage characteristics
	MPS mtDNA profile results
	DNA damage rates
	Characterization of DNA damage
	Overall damage assessment
	Analysis of positive and negative controls

	Conclusions
	References


