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Abstract
Hair shafts are one of the most common types of evidence at crime scenes, and mitochondrial DNA (mtDNA) has been
analyzed as a valuable genetic marker for hair shafts in forensic casework. However, the mtDNA analysis strategy may
vary according to the quantity and quality of DNA extracted from a forensic sample and the available massively parallel
sequencing (MPS) platform in laboratories. Forensic practitioners often have to interpret mtDNA sequences exhibiting
point heteroplasmy (PHP) that are analyzed using different analytical methods. In the present study, the whole mitochon-
drial genome (mtGenome) variants of hair shaft samples obtained from 20 donors, which were sampled in duplicate and
stored at room temperature for > 1 year, were analyzed using the Precision ID mtDNAWhole Genome Panel and Ion S5
system. The whole mtGenome variants of 20 blood and 20 buccal swab samples (reference samples) from the hair shaft
donors were analyzed using the Nextera XT DNA Library Prep Kit and MiSeq System. A total of 20 unique mtGenome
haplotypes were observed, and 56 PHP variants were identified across the 4 sets of tissue. When the major nucleotide of
PHP was considered, 16 of 20 haplotypes of the hair shaft samples matched those of the corresponding blood and buccal
swab samples. In four donors, the major nucleotide of PHP was inverted at one nucleotide position between the hair shaft
and reference samples. However, the data obtained on MPS, showing high PHP resolution, provided substantial informa-
tion to avoid false exclusion when comparing two haplotypes containing PHP with inverted major nucleotides. In con-
clusion, the present study demonstrates the utility of MPS in forensic casework in the comparative analysis of mtGenome
variants containing PHP.
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Introduction

Mitochondrial DNA (mtDNA) testing is useful when analyz-
ing poor-quality samples, particularly those in which the

amount of nuclear DNA (nDNA) is extremely scarce to yield
informative short tandem repeat profiles. The high copy num-
ber of mtDNA (approximately 103–104 copies/cell) [1] can
provide clues in the analysis of forensic samples, such as
highly degraded skeletal remains and hair shafts [2].

Numerous hair shafts are shed daily and can be useful as
trace evidence at a crime scene. Therefore, many studies have
identified mtDNA as a valuable genetic marker for hair shafts
in forensic casework [3, 4]. Traditionally, most studies fo-
cused on the 1.1-kb mtDNA control region (CR), a noncoding
region that contains 3 hypervariable regions, using Sanger
sequencing [5, 6]. However, it is recognized that expanding
the analysis range from the CR to whole mitochondrial ge-
nome (mtGenome) could increase the discrimination power
[7]. Additionally, the application of massively parallel se-
quencing (MPS) has resulted in whole mtGenome sequencing
becoming more feasible and sophisticated [8, 9].
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Regarding the analysis of mtDNAvariants by MPS, foren-
sic practitioners generally consider the quantity and quality of
DNA extracted from forensic samples and the available MPS
platform in laboratories. For example, when dealing with fo-
rensic casework evidence such as aged hair shafts and skeletal
remains, a short amplicon strategy is recommended because of
the severely degraded condition of such samples [10, 11].
However, in the case of high-quality samples, such as blood
and buccal swabs, a long-range (LR) amplification strategy is
considered well-suited and efficient [8, 9, 12].

On the other hand, the proportion and distribution of point
heteroplasmy (PHP) differ among tissues [13, 14], even if they
are obtained from the same individual or maternal lineage.
Therefore, PHP should be carefully considered when
interpreting the mtDNA sequence match between questioned
and known samples for their exclusion. Because MPS facili-
tates the detection of mtDNA PHP at a higher resolution than
other methods [15], MPS data may reduce the possibility of
false exclusion in cases wherein the major nucleotide of PHP
differs among samples and/or the proportion of its minor nu-
cleotide is very low. The latter case may cause confusion be-
cause it would be observed as homoplasmy when analyzed
using a low-resolution method, particularly Sanger
sequencing.

In this study, we analyzed the whole mtGenome sequences
of hair shafts, blood, and buccal swab samples obtained from
20 donors using different MPS methods. Hair shaft samples
had been stored at room temperature for > 1 year and were
analyzed using the Precision ID mtDNA Whole Genome
Panel (Thermo Fisher Scientific, Waltham, MA, USA) on
the Ion S5 system (Thermo Fisher Scientific). Blood and buc-
cal swab samples were analyzed using the Nextera XT DNA
Library Prep Kit on the MiSeq system (Illumina, San Diego,
CA, USA). Here, we have demonstrated a method to analyze
whole mtGenome variants with the adopted MPS platform by
considering the tissue type. In addition, we have demonstrated
the utility of MPS when interpreting PHP in the evaluation of
mtGenome variants in forensic casework.

Materials and methods

Sample preparation and DNA extraction from hair
shaft samples

Hair shaft samples were collected from 20 unrelated Korean
males after obtaining informed consent. More than 5 hair
shafts were collected from each donor, 2 of which were ran-
domly selected for analysis. The samples had been stored at
room temperature for > 1 year prior to DNA extraction to
simulate the uncollected hair shafts from crime scenes often
encountered by forensic practitioners. The hair shaft samples
were analyzed independently and consistently throughout all

experimental processes. The first proximal 2-cm fragment of
each hair shaft sample, including the root, was removed to
exclude nDNA from mtDNA analysis. The second proximal
2-cm fragment was prepared in duplicate as follows: 1 ml of
5% UV-irradiated TergAZyme (Alconox, White Plains, NY,
USA) was dispensed into a tube and a hair shaft section was
inserted. After vortexing for 1 min, the samples were sonicat-
ed at room temperature for 15 min. A filter cup was placed on
a new tube and prewetted with dH2O; then, the sonicated hair
shaft was placed in the filter cup using forceps and sequential-
ly washed with 1 ml of UV-irradiated dH2O, 0.85% saline,
and 100% ethanol. Next, the filter cup containing the hair shaft
sample was separated from the tube, inverted, and air dried.
Then, the desiccated hair was transferred to a clean 1.5-ml
tube for DNA extraction using the QIAamp DNA
Investigator Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s protocol.

mtDNA amplification and MPS library preparation
of hair shaft samples

Extracted DNA (3 μl) from each hair shaft sample was sub-
jected to PCR amplification of the whole mtGenome using the
Precision ID mtDNAWhole Genome Panel with 22 thermal
cycles on the Veriti 96-Well Thermal Cycler (Thermo Fisher
Scientific). Barcoded MPS libraries were prepared using the
2-in-1 method with the Precision ID Library Kit (Thermo
Fisher Scientific) and constantly purified with 1.5×
Agencourt AMPure XP beads (Beckman Coulter, Brea, CA,
USA). The MPS library was quantified using the Ion Library
TaqMan Quantitation Kit (Thermo Fisher Scientific) on the
AB 7500 Real-Time PCR System (Thermo Fisher Scientific)
and normalized to 30 pM. Finally, pooled libraries composed
of 8 MPS libraries with the same quantity were enriched on
the Ion Chef system (Thermo Fisher Scientific) and sequenced
on the Ion S5 system (Thermo Fisher Scientific) with the Ion
520 Chip (Thermo Fisher Scientific). All procedures for MPS
library preparation and sequencing were performed according
to the application guide for the Precision ID mtDNAWhole
Genome Panel.

Sample collection and DNA extraction from blood
and buccal swab samples

Peripheral blood and buccal swab samples were collected
from each Korean male who donated hair shafts. In brief,
approximately 2 ml of blood was collected from each donor
and immediately dispensed into a blood collection tube con-
taining EDTA solution. Buccal swab samples were obtained
by rubbing the inside of the donors’ mouths with a sterile
cotton swab 2–4 times. All samples were stored at 4 °C until
genomic DNA extraction using the Qiagen QIAamp DNA
Mini Kit according to the manufacturer’s protocol. The
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extracted DNAwas quantified using the Quantifiler Trio DNA
Quantification Kit (Thermo Fisher Scientific) on the
QuantStudio 5 Real-Time PCR System (Thermo Fisher
Scientific) according to the manufacturer’s protocol; then, it
was diluted to a concentration of 1.0 ng/μl for downstream
analyses. This study was approved by the Institutional Review
Board of Severance Hospital, Yonsei University, Seoul,
Korea.

MPS library construction for blood and buccal swab
samples

The LR-PCR mixture was prepared to a final volume of 20 μl
that contained 2.0 μl of 10× LA PCR Buffer II with Mg2+,
2.5 mM of each dNTP, 1.5 U LATaq DNA Polymerase Hot
Start Version (all Takara Bio, Inc., Kusatsu, Shiga, Japan),
0.5 μM of the primer set validated by Fendt et al. [16], and
1 ng of genomic DNA extracted from the blood and buccal
swab samples. The PCR mixture was subjected to an initial
denaturation at 94 °C for 1 min, followed by 26 cycles of
denaturation at 94 °C for 20 s, annealing at 60 °C for 30 s,
and extension at 68 °C for 9 min as well as a final extension
step at 72 °C for 10 min on the Veriti 96-Well Thermal Cycler.
The amplicon sizes and quantities were estimated using the
Agilent DNA 12000 Kit on the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). A total of
250 pg of PCR product containing 125 pg of each LR
amplicon per sample was run. MPS libraries were constructed
using the Nextera XT DNA Library Prep Kit with 250 pg of
PCR products. The size range and concentration of the con-
structed library were assessed using the Agilent High
Sensitivity DNA Kit on the Agilent 2100 Bioanalyzer.
Subsequent PCR cleanup and size selection were performed
with 0.6× Agencourt AMPure XP beads, and the libraries
were quantified using the KAPA Library Quantification Kit
for Illumina platforms (KAPA Biosystems, Wilmington, MA,
USA) on the AB 7500 Real-Time PCR System. Finally, each
library was normalized to 10 nM and pooled by volume, and
the pooled libraries were sequenced on theMiSeq systemwith
the MiSeq Reagent Kit v3 (2 × 300 cycles; Illumina). All
procedures for MPS library preparation and sequencing were
performed according to the reference guide of the Nextera XT
DNA Library Prep Kit.

MPS data analysis

For each blood and buccal swab sample, we mapped the reads
on the revised Cambridge Reference Sequence (rCRS) [17]
and rotated rCRS with the BWA-mem [18] after trimming the
adapter sequences using the Cutadapt v1.18 software [19].
The general approach for mapping reads to rCRS is problem-
atic because it misses reads on CR, which is the break point to
construct a linear reference from the circular DNA that it is

located in. To overcome the relatively lower coverage of such
regions including the break point, we aligned and called var-
iants separately for the coding regions with rCRS and CRwith
rotated rCRS. We used the GATK Base Recalibration module
to recalibrate the base quality score considering sequencing
errors for each aligned file [20]. Variations were called using
GATK MuTect2 with the mitochondrial mutation calling
mode. The uncertain variations caused by technical artifacts
and sequencing errors were filtered out using the GATK
FilterMutectCalls module. The separately obtained variants
were merged after removing the leftovers for aligned reads
on rotated rCRS.

For hair shaft samples, MPS data generated using the Ion
S5 system were transferred to the Converge 2.1 plug-in and
analyzed using HID Genotyper 2.1. (Thermo Fisher
Scientific). Data were aligned to rCRS + 80 bp as a reference
genome to adjust for the overlapping designs of tiled amplicon
multiplexes [17, 21].

All variants were called only at positions with a read depth
of > 100×. Called variants were confirmed according to the
International Society for Forensic Genetics (ISFG) guidelines
[22]. Homoplasmic indels were confirmed with the Integrative
Genomics Viewer (IGV) [23] and notated using the EMPOP
mtDNA database v4 (http://empop.online) [24]. For hair shaft
samples, the variants were automatically called using the
Converge 2.1 software following ISFG guidelines. PHP was
reported using more stringent thresholds to exclude the effects
of system noise in both MPS data analyses. PHP was called
when the total coverage on a nucleotide reached a read depth
of > 400×, and the minor nucleotides of PHPwere observed in
> 5% of the total coverage. Variants in length heteroplasmy
containing a poly-C stretch were not considered in this study.

Sanger sequencing for verifying inverted major
nucleotides

To confirm the inverted major nucleotide observed in theMPS
data, we performed Sanger sequencing. The target mtDNA
region was amplified in a PCR mixture prepared with 2.0 μl
of Gold ST★R 10× Buffer (Promega Corp., Madison, WI,
USA), 0.8 μM of the primer set shown in Supplementary
Table S1, 1.5 U of AmpliTaq Gold DNA Polymerase
(Thermo Fisher Scientific), and DNA template (3 μl of hair
shaft extracts and 1 ng of blood or buccal swab extracts, re-
spectively). Thermal cycling was performed using the Veriti
96-Well Thermal Cycler under the following conditions: 95
°C for 11 min; 37 cycles for hair shaft samples and 33 cycles
for blood and buccal swab samples at 94 °C for 20 s, 56 °C for
30 s, and 72 °C for 30 s; and a final extension at 72 °C for 7
min. The PCR products were purified with 2 μl of ExoSAP-
IT™ PCR Product Cleanup Reagent (Thermo Fisher
Scientific) and incubated at 37 °C for 45 min followed by at
80 °C for 15 min. Sanger sequencing was performed at
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Macrogen, Inc. (Seoul, Republic of Korea) using a universal
primer (Supplementary Table S1), and the results were ana-
lyzed using the SeqSacpe 2.6 software (Thermo Fisher
Scientific).

Results

MPS coverage of the whole mtGenome

A total read count of 23,666,165 was obtained by combining
hair shaft sets #1 and #2. For hair shaft set #1 (n = 20),
12,152,521 reads were obtained and the average read count
was 607,626 (mean depth: 4316×). Sample 004 showed the
highest coverage (average: 878,577 reads, mean depth:
6262×), whereas Sample 001 showed the lowest coverage
(average: 456,159 reads, mean depth: 3227×). Hair shaft set
#2 (n = 20) had a total of 11,513,644 reads and an average read
count of 575,682 (mean depth: 4108×). Sample 012 showed
the highest coverage (average: 733,106 reads, mean depth:
5239×), whereas Sample 001 showed the lowest coverage
(average: 346,456 reads, mean depth: 2467×).

MtDNA extracted from the 20 blood and 20 buccal swab
samples were sequenced on theMiSeq system, yielding a total
of 23,745,480 (average: 1,187,274 reads, mean depth:
15,979×) and 23,833,444 (average: 1,191,672 reads, mean
depth: 11,840×) reads, respectively. Among the blood sam-
ples, Sample 014 showed the highest coverage (average:
1,879,932, mean depth: 27,655×), whereas Sample 001
showed the lowest coverage (average: 832,178, mean depth:
11,216×). Among the buccal swab samples, Sample 010
showed the highest coverage (average: 1,876,768 reads, mean
depth: 17,370×), whereas Sample 004 showed the lowest cov-
erage (average: 784,444 reads, mean depth: 7794×).

Although the coverage observed for the hair shaft samples
was less than that observed for the blood and buccal swab
samples, their coverage per sample was sufficient according
to the Precision ID mtDNA Whole Genome Panel User
Manual [21].

Whole mtGenome haplotype and haplogroup
determination

Whole mtGenome variants were obtained from hair shaft sam-
ples as well as blood and buccal swab samples using the re-
spective MPS platforms without any missing areas. In partic-
ular, although the hair shaft samples had been stored at room
temperature for > 1 year, the variants across their whole
mtGenome were successfully analyzed. The sequence varia-
tions and haplogroup of each sample were confirmed using
the EMPOP database v4 [24]. We identified 20 unique
mtDNA haplotypes and haplogroups. Further, the mtDNA
haplogroups of all samples had origins belonging to East

Asians: Y1, G3a2+152, B4h1, N9a1, D4g2b1, G2a5+152,
B4d3a1, D4b2b1, A5a1a, D4h1c1, B5b3a, C4a1b, M10a1b,
D4a1a1, B4b1a1, N9a7, B4a1b1, A15c, Z3, and D5a2a1b
[25]. The representative whole mtGenome variants analyzed
from the blood sample of each donor are presented in
Supplementary Table S2.

Observed PHP of whole mtGenomes

With a 5% PHP detection threshold, we identified a total of 56
PHP variants among 15 donors across the 4 sets of tissue: 23
PHP variants in hair shaft set #1, 17 in hair shaft set #2, 8 in
blood samples, and 8 in buccal swab samples (Table 1). The
PHP variants were distributed more in the coding regions (n =
32) than in CRs (n = 24). Regarding the number of PHP
variants per donor, up to 5 variants were observed in a hair
shaft set #1 sample, 3 in a hair shaft set #2 sample, 2 in a blood
sample, and 2 in a buccal swab sample. The proportion of
PHP variants in the 4 sets of tissue varied: 5.4–45.6% in hair
shaft set #1, 5.8–45.2% in hair shaft set #2, 6.4–28.3% in
blood samples, and 5.8–49.0% in buccal swab samples.

We also observed 4 cases in which the major nucleotide of
PHPwas inverted according to the tissue type. For example, in
Sample 001, T was dominant in hair shaft set #2 and blood
samples at nucleotide position (np) 152; however, C was dom-
inant in hair shaft set #1 and buccal swab samples at the same
position. In Sample 004, G was the most prominent nucleotide
in all tissue types at np 709, except in hair shaft set #1. At np
15034 in Sample 015, Awas the major nucleotide in hair shaft
set #2, blood, and buccal samples, whereas G was the major
nucleotide in hair shaft set #1. Finally, at np 16103 in Sample
017, A was dominant in hair shaft sets #1 and #2 samples,
whereas G was dominant in blood and buccal swab samples.
Based on the tissue type, the major nucleotide of PHP was
inverted in three cases of hair shaft sets—at np 152 in Sample
001, np 709 in Sample 004, and np 15034 in Sample 015.
Remarkably, PHP state differed even between reference sam-
ples. As previously described, at np 152 in Sample 001, Twas
dominant in the blood sample, whereas C was dominant in the
buccal swab sample. In addition, one type of reference sample
showed PHP, whereas the other exhibited homoplasmy in two
cases—at np 16150 in Sample 007 and np 8517 in Sample 009
(Table 1).

Sanger sequencing results of inverted major
nucleotide

Sanger sequencing was performed at the target region of the 4
samples that contained inverted major nucleotides as per the
MPS data (i.e., np 152 in Sample 001, np 709 in Sample 004,
np 15034 in Sample 015, and np 16103 in Sample 017). For
all 4 samples, the major nucleotide depending on the tissue
types as per the MPS data correlated with the Sanger
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sequencing results. Moreover, the proportion of PHP variants
in the MPS data was correlated with the peak height ratio
observed on the capillary electrophoresis (CE) (Fig. 1,
Supplementary Fig S1a–c). For example, A was the major
nucleotide in all tissue types at np 15034, except in hair shaft
set #1, according to the MPS data (Fig. 1). This is consistent
with the findings of Sanger sequencing electropherogram.

Moreover, regarding theMPS coverage ratio of G, it increased
in the order of buccal swab, blood, hair shaft set #2, and hair
shaft set #1, consistent with the results of the contributing
sequence variants obtained on Sanger sequencing electrophe-
rogram. Notably, although PHP in hair shaft set #1 could be
identified using MPS at a low level (5.9%), it was difficult to
observe them with Sanger sequencing electropherogram, and

Table 1 Observed point heteroplasmy in 4 tissue types obtained from 20 individuals

Sample ID rCRS rCRS Hair shaft set #1 Hair shaft set #2 Blood Buccal swab
position nucleotide

Sample 001 152 T C T/C(34.6) T/C(22.0) C/T(33.4)
3834 G A/G(5.4) A A A

8555 T T T/C(25.1) T T

15364 C C/T(10.4) C C C

16266 C T/C(5.6) T T T

16319 G A/G(8.3) A/G(7.8) A A

Sample 004 709 G A/G(41.8) G G G

16320 C C/T(10.1) C C/T(24.9) C/T(16.8)
Sample 006 41 C C/T(20.7) C C C

11847 G G/A(13.6) G G G

Sample 007 16150 C T T T T/C(5.8)
Sample 008 15373 A A A/G(32.2) A A

16362 T C C/T(7.7) C C

Sample 009 8517 G G G G/C(6.4) G

16187 C T T/C(7.5) T T

Sample 012 11969 G A/G(5.7) A A A

16192 C T/C(7.0) T T T

Sample 013 16311 T C C/T(45.2) C C

Sample 014 8473 T C/T(19.2) C/T(14.3) C C

16362 T C/T(6.4) C/T(5.8) C C

Sample 015 204 T T T T/C(13.6) T/C(49.0)
499 G A/G(7.6) A A A

2831 G A/G(5.7) A A A

4820 G A/G(12.3) A/G(8.0) A A

15034 A G/A(5.9) A/G(29.9) A/G(15.6) A/G(9.9)
15236 A G/A(5.7) G G G

Sample 016 14016 G A/G(11.4) A/G(10.3) A A

Sample 017 930 G A/G(23.0) A/G(30.9) A/G(28.3) A/G(23.0)
15279 T T T/C(33.1) T T

16103 A A A/G(33.0) G/A(19.1) G/A(29.7)
Sample 018 15262 T C/T(27.1) C/T(18.4) C C

Sample 019 9947 G G/A(45.6) G G G

10644 G G/A(37.3) G G/A(18.6) G/A(19.3)
Sample 020 1200 G G G/A(40.0) G G

16162 A A/G(13.6) A A A

Inverted major nucleotides observed across tissue types are highlighted in italics

Minor variants are indicated using smaller font size with their proportion stated in parentheses

Proportion = minor allele coverage / (major allele coverage + minor allele coverage) × 100

rCRS, Cambridge Reference Sequence
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it was probably omitted due to the limited Sanger sequencing
resolution.

Discussion

In forensic casework, because most mtDNA analyses demand
the application of a PCR strategy for degraded samples such
as hair shafts, a method that generates short amplicons has
been adopted [10, 11]. Parson et al. analyzed the whole
mtGenome extracted from hair shafts by an MPS method
designed to yield short amplicons (range: 300–500 bp) using
62 primer sets [26]. Recently, several studies have shown that
the Precision ID mtDNA Whole Genome Panel, which pro-
duces much shorter amplicons (average: 163 bp), could be
useful for analyzing whole mtGenome variants extracted from

degraded samples, including hair shaft samples [27]. In this
study, although the hair shafts used had been stored at room
temperature for > 1 year, MPS libraries were successfully
generated with 22 PCR cycles of 3 μl of DNA extracted from
hair shaft samples using the 2-in-1 method. Each of 8 libraries
were loaded on the Ion 520 Chip and resulted in sufficient
coverage (average: 578,937 reads/chip). Furthermore, analy-
sis using the Converge 2.1 software supported user-friendly
data processing for MPS, including automatic haplotype des-
ignation following the forensic nomenclature ISFG guidelines
[22].

On the other hand, most blood and buccal swab samples
are often collected directly from a suspect; thus, they have a
low possibility of undergoing DNA degradation. In such
cases, it is relatively easy to amplify the whole mtGenome
with only 2 fragments. Systematic studies have revealed that

Fig. 1 The Sanger sequencing results for Sample 015, which showed an
inverted major nucleotide according to tissue type in the MPS data. In all
tissue types, the major nucleotide was identical between the Sanger

sequencing and MPS data. Furthermore, the proportion of PHP
relatively corresponded between them
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the use of LR amplification and library preparation with the
Nextera XT Kit is suitable for high-quality samples and en-
ables a rapid workflow to produce high-throughput results [8,
9, 12]. While > 35 thermal cycles were applied to amplify the
whole mtGenome in previous reports [8, 9, 12, 16], we could
obtain sufficient PCR yield with 1 ng of genomic DNA using
only 26 thermal cycles.

Among the 56 PHP variants observed in 15 donors across
the 4 sets of tissue, mtDNA PHPwas present more abundantly
in hair shaft samples (n = 40) than in blood and buccal swab
samples (n = 16), consistent with the results of previous re-
ports [14, 28]. The narrow bottlenecks during hair follicle
development and high-energy requirements for keratinizing
hair shafts could be conducive to the presence of higher
amount of PHP in hair shaft samples than in blood and buccal
swabs samples [29]. Most major nucleotides of mtDNA PHP
were consistent with those observed in other tissues. However,
the inverted major nucleotide, also known as heteroplasmic
variant drift, was observed in only 4 samples (Samples 001,
004, 015, and 017) (Table 1). There are some possible expla-
nations for the presence of inverted major nucleotides within
these tissue types. In the case of inter-hairs, different popula-
tions of heteroplasmic variants are likely to be present on an
individual’s scalp because mtDNA molecules in the supplied
cells are limited or cloned due to bottlenecks [29, 30].
Furthermore, variant drift in hairs could occur more easily
because each hair strand originates from clusters or follicles
with independent growth cycles. In the case of inter-tissue
types, each tissue originates from a different germ layer during
the early stage of histogenesis [28], which possibly caused the
variant drift observed among tissues. Moreover, there are
some hot spots that are already known to have high mutation
rates, and one such hot spot is np 152 [31], which could ex-
plain the result obtained for Sample 001.

Meanwhile, when comparing mtGenome variants based on
the major nucleotide of PHP, the haplotypes of 80% (16/20)
donors matched across the whole mtGenome in the 4 sets of
tissue. The inverted major nucleotides were confirmed using
Sanger sequencing. In all 4 cases, the major nucleotide ac-
cording to tissue type was identical with to those obtained
on MPS, and the visual peak height ratio between the major
and minor nucleotides on electropherograms corresponded to
their read depth ratio obtained in MPS data. This finding im-
plies that inverted major nucleotides across all tissue types
were not a result of a difference in the MPS platform but
was a unique characteristic that existed inherently in individ-
uals. It also has been suggested that MPS of the whole
mtGenome would produce consistent and robust results al-
though each forensic sample are sequenced and analyzed on
different MPS platforms.

From the perspective of interpretation, the inverted major
nucleotide observed in MPS data does not indicate that the
questioned and known samples were excluded as deriving

from the same individual or maternal lineage. For example,
in Fig. 1, let us suppose that Sample 015 from hair shaft set #1
was found as evidence at a crime scene. The major nucleotide
at np 15034 was different from those obtained for other known
samples (blood and buccal swabs) and another hair shaft sam-
ple (hair shaft set #2); the major nucleotide was G in hair shaft
set #1 and A in the other sets of tissue. However, A was
dominant at np 15034 in hair shaft set #1 that showed low-
level heteroplasmy (5.9%), which did not provide adequate
evidence for excluding hair shaft set #1 and other samples
obtained from the same donor. However, if the results were
analyzed by CE based on Sanger sequencing, the interpreta-
tion could be confused. Regarding hair shaft set #1, np 15034
in Sample 015 would have only the homoplasmic variant G if
the normal CE threshold (approximately 20%) is applied. It
would even seem that there were no minor nucleotides at np
15034 in blood and buccal swab samples. In this context, the
CE method could result in imprecise interpretation because of
the low resolution and/or current chemistry of dye terminator
sequencing [22]. On the other hand, MPS increased the detec-
tion resolution of PHP to 5% [15] or even finer [32], and it
could provide more accurate PHP information. Therefore, the
use of higher resolution MPS data for mtDNA PHP can aid
forensic practitioners to conduct more informed investigation,
particularly in the interpretation of mtDNA variants extracted
from various tissue types. In this study, a limited amount of
mtGenome data demonstrated the potential utility of MPS
based-mtGenome PHP analysis. However, if a larger amount
of data for mtGenome PHP were accumulated across various
tissue types with the MPS method, it would increase the value
of mtDNA in forensic practice.

Conclusion

In this study, we analyzed the whole mtGenome variants of 4
sets of tissue (duplicated hair shaft, blood, and buccal swab
samples) obtained from 20 donors using suitable MPS plat-
forms by considering the characteristics of forensic samples.
Although hair shafts had been stored at room temperature for
> 1 year, their whole mtGenome variants were successfully
obtained using the Precision ID mtDNA Whole Genome
Panel, which was validated for degraded DNA analysis with
the Ion S5 system. The whole mtGenome variants of blood
and buccal swabs with 2 LR-PCR products were analyzed
using the Nextera XT DNA Library Prep Kit on the MiSeq
system. Although 56 PHP variants were identified across the 4
sets of tissue, the whole mtGenome haplotypes were not ex-
cluded according to each tissue type. In 4 samples, the major
nucleotide of PHP was inverted at one nucleotide position in
the hair shaft and reference samples. However, the MPS data,
which provide a high resolution for PHP, did not result in
exclusion of that both haplotypes were derived from the same
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donor. Accumulation of mtGenome PHP data will facilitate
the application of MPS in the comparative analysis of
mtGenome variants containing PHP to forensic casework.
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