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A B S T R A C T

Mitochondrial DNA (mtDNA) possesses unique genetic characteristics and plays a crucial role in forensic DNA 
analysis. Based on the massively parallel sequencing (MPS) technology alongside the short overlapping amplicon 
method, the ForenSeq™ mtDNA Whole Genome Kit is specifically designed for mtDNA analysis. In this study, we 
employ the ForenSeq™ mtDNA Whole Genome Kit on the MiSeq FGx® Sequencing System for mitochondrial 
genome (mtGenome) sequencing across nine consecutive runs and assess its MPS performance, such as read 
depth (RD), forward/reverse strand bias (SB), and mtGenome coverage. Furthermore, we conduct internal val
idations to evaluate its routine application in forensic sciences, including sensitivity, repeatability, concordance, 
degraded samples, inhibitor samples, case-type samples, and contamination. As a result, the Real-Time Analysis 
(RTA) and Universal Analysis Software (UAS) demonstrate proficient run metrics and MPS performance when 
12–14 libraries are sequenced within a standard flow cell, achieving > 80 % of reads passing filter, > 80 % bases 
with ≥Q30, > 5000 × of the average RD, ~1.0 of the average SB, > 70 % of the inter-amplicon balance, and 
> 99 % of the mtGenome coverage. The five most vulnerable amplicons, exhibiting low RD and high SB, are 
identified as nucleotide positions (nps) 1094–1177, 5858–5975, 6109–6149, 6718–6810, and 7021–7090. For 
tertiary data analysis, the substitutions are accurately reported by UAS, while insertions and deletions (indels), 
point heteroplasmies (PHPs), and/or length heteroplasmies (LHPs) still necessitate manual inspection. On 
average, 40 variants were found in 60 samples, ranging from 27 to 54. A total of 2426 variants are observed at 
491 nps. Moreover, the workflow can yield repeatable and reproducible results, generate complete mtGenome 
profiles from ≥ 2 pg input gDNA for high quality samples/control DNA or ≥ 0.5 cm hair shafts, and recover 
more/complete mtGenome information from severely degraded samples (degradation index >10) and various 
types of case samples. If two rounds of purification are conducted, it can more effectively remove additional 
reaction components and enhance data recovery from the mtGenome, especially for low-input samples. The 
negative controls in three runs cover some reads, but these contaminations cannot compromise the mitochon
drial analyses. In conclusion, the ForenSeq™ mtDNA Whole Genome Kit, including 234 short overlapping 
amplicons with an average size of 131 bp, can meet forensic needs on the whole mtGenome sequencing in real 
scenarios. In addition, the ten insights gained from this study may serve as a valuable reference for forensic 
scientists who are utilizing this kit.

1. Introduction

Unlike nuclear DNA (nDNA), human mitochondrial DNA (mtDNA) is 

a circular double-stranded molecule in mitochondria. It has a total 
length of about 16569 base pairs (bp) and is divided into two chains - the 
heavy chain (H chain) and the light chain (L chain). The non-coding 
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control region (CR), also known as the D-loop, is 1122 bp long and 
contains three hypervariable segments (HVS) that exhibit high poly
morphisms [1]. The coding region (CodR) is 15447 bp long and encodes 
22 transfer RNA (tRNA) genes, 2 ribosomal RNA (rRNA) genes, and 13 
protein genes, in which pathogenic mutations are closely related to 
various diseases in clinical research [2]. In addition to being inherited 
from the maternal line as the haplotype, mtDNA possesses several 
unique genetic characteristics, such as high copy number (~1000 copies 
per cell), high mutation rate (~5–10 times higher than nDNA), and 
excellent structural stability, which make it an important role in forensic 
DNA analysis [1].

With the advancement of massively parallel sequencing (MPS) 
technology, the focus of forensic mtDNA analysis has shifted from HVS 
or CR with capillary electrophoresis (CE)-based Sanger sequencing [3]
to mitochondrial whole genome (mtGenome) [4–14,17–33]. Over the 
past decade, new sequencing strategies and platforms have been intro
duced, greatly accelerating the forensic application of mtGenome. In 
forensics, the polymerase chain reaction (PCR)-based method is a 
commonly used strategy for enriching mtGenome libraries, including 
long and short amplicon methods. The long amplicon method typically 
involves about two 8 kbp or eight 1–3.5 kbp overlapping amplicons for 
shotgun sequencing on the Ion Torrent PGM™ [4–6], Illumina MiSeq® 
[7–12], Roche 454 GS Junior [13], and MGISEQ-200RS platforms [14], 
which is well-suited for specimens with DNA sufficient in quality and 
quantity. On the other hand, the short amplicon method typically in
volves dozens to hundreds of 100–500 bp overlapping amplicons 
divided into two multiplexes for targeted sequencing [12], which is 
more suitable for degraded samples or trace samples. In archaeology, 
non-PCR-based strategies such as primer extension capture (PEC) [15]
or hybridization capture [16] are also used for sequencing to retrieve 
ancient DNA (aDNA) that are heavily degraded and contaminated 
specimens with microbial DNA, as is typical of ancient bones [17,18]. 
The forensic manufacturers released commercial kits based on the short 
amplicon method, such as the Precision ID mtDNA Whole Genome Panel 
on the Ion GeneStudio S5™ Plus System by Thermo Fisher Scientific 
[19–30] and ForenSeq™ mtDNA Whole Genome Kit on the MiSeq FGx® 
Sequencing System by Qiagen [31–33]. Further, recent advancements in 
the accuracy of long-read sequencing technologies (e.g., Oxford Nano
pore Technologies and Pacific Biosciences Sequel II) have prompted the 
use of mtGenome sequencing [34,35].

The ForenSeq™ mtDNA Whole Genome Kit consists of two primer 
sets, each with 117 primer pairs, generating 234 short overlapping 
amplicons with an average size of 131 bp (90–209 bp including primers) 
and an average amplicon overlap of 14 bp (0–71 bp). Additionally, each 
primer set contains degenerate primers, 111 in Whole Genome Mix Set 1 
(WGS1) and 97 in Whole Genome Mix Set 2 (WGS2), to account for 
known variants (with >1 % frequencies reported in MITOMAP) located 
in primer-binding regions in order to reduce the risk of amplicon 
dropout. In 2021, the design and developmental validation of this kit 
were first reported by Holt et al. [31] on aspects of species specificity, 
sensitivity, stability, reproducibility and repeatability, case-type sam
ples, population, mixture, PCR-based, and MPS-specific studies. The 
same year, Peng et al. [32] evaluated this kit’s performance and applied 
it to detect the mtGenome in blood samples and hair shafts from 2–4 
generation maternal pedigrees. In 2023, Liu et al. [33] assessed this kit in 
sensitivity and case-type samples for forensic application. In this study, 
we employed the ForenSeq™ mtDNA Whole Genome Kit on the MiSeq 
FGx® Sequencing System for mtGenome sequencing across 9 consecu
tive runs and assessed its MPS performance (i.e., read depth, strand bias, 
and mtGenome coverage both at nucleotide positions and amplicons). 
Additionally, we performed internal validations (except for mixture 
studies) to evaluate its routine application in forensic sciences, including 
sensitivity, repeatability, concordance, degraded samples, inhibitor 
samples, case-type samples, and contamination according to ‘Validation 
Guidelines for DNA Analysis Methods (2016)’ issued by the Scientific 
Working Group on DNA Analysis Methods (SWGDAM) [36].

2. Materials and methods

2.1. Sample preparation

2.1.1. Sensitivity studies
Serial dilutions of 100 pg, 50 pg, 20 pg, 10 pg, 5 pg, and 2 pg were 

prepared with the Control DNA HL60 (Qiagen, Hilden, Germany). One 
set of serial dilutions was purified using one round of purification, and 
the other set was purified with two rounds of purification. These two sets 
were sequenced on two separate flow cells along with other samples.

2.1.2. Repeatability and concordance studies
Four purified samples were used in this study: the Control DNA 007 

(Thermo Fisher Scientific, MA, USA), 2800M Control DNA (Promega, 
WI, USA), Control DNA 9947A (Thermo Fisher Scientific), and 9948 
Male DNA (Promega). Two sets of libraries were prepared for the sam
ples and sequenced on two separate flow cells. The Control DNA HL60 
was also employed as a positive control (PTC) in each run to evaluate 
repeatability and concordance.

2.1.3. Degraded samples
Muscle tissue was cut into small pieces of uniform size and then 

soaked in tap water in a 15 mL centrifuge tube. This tube was then 
tightly capped and placed indoors at room temperature for 3, 6, and 9 
days. At each time point, one piece of tissue was removed and imme
diately subjected to DNA extraction on the AutoMate Express™ Forensic 
DNA Extraction System (Thermo Fisher Scientific) with an elution vol
ume of 100 µL for each piece. Untreated muscle DNA was employed as a 
PTC.

2.1.4. Inhibitor samples
Inhibitor samples were mocked using swab samples containing 

100 µM hematin and extracted using an Ultra Micro Magnetic Bead DNA 
Extraction Kit on an Automatic 96 Channel Micro DNA Extraction 
Workstation (Bokun Biotech, Changchun, China).

2.1.5. Nail, tooth, and bone samples
Nail, tooth, and bone samples were collected from routine casework. 

The clipped nail (~8 mm × 2 mm cut into two pieces) and powdered 
tooth (~50 mg) and bone (~50 mg) were digested with 190 µL PrepFiler 
BTA™ Lysis Buffer (Thermo Fisher Scientific), 10 µL Proteinase K (PK; 
Thermo Fisher Scientific), and 7 µL of 10 mM dithiothreitol (DTT; 
Inalco, Milano, Italy) in 1.5 mL Eppendorf tubes and then incubated in a 
thermomixer (Eppendorf, Hamburg, Germany) at 56 ◦C and 800 rpm for 
4 h (nail) and 12 h (tooth and bone). Subsequently, 10 µL PK and 7 µL 
DTT were again added to the tooth and bone samples, and digestion was 
continued for at least an additional 12 h. Finally, all samples were 
incubated at 99 ◦C and 800 rpm for 10 min and transferred to DNA 
purification on the AutoMate with an elution volume of 40 µL.

2.1.6. Hair shaft and buccal swab samples
Nine head hairs in total were collected from two laboratory staff: four 

undyed hairs representing one individual (sample G) and one gray and 
four undyed hairs representing the other individual (sample L). 
Approximately 2 cm of each hair’s root end was removed, while the 
remaining proximal hair shafts (next to the root) were cut into 2 cm, 
1 cm, and 0.5 cm segments, and the distal hair shafts (next to the tip) 
were cut into 2 cm. Each segment was sequentially rinsed with 1 % 
sodium dodecyl sulfate (SDS; Solarbio, Beijing, China), 6 % sodium 
hypochlorite (NaClO; Xilong Scientific, Guangdong, China), RT-PCR 
grade water (Thermo Fisher Scientific), and 100 % ethyl alcohol 
(Sigma-Aldrich, MO, USA) using sterile forceps. Hair samples were 
digested with 190 µL PrepFiler BTA™ Lysis Buffer, 10 µL PK, and 7 µL 
DTT and then incubated in a thermomixer at 56 ◦C and 800 rpm for at 
least 4 h until they were completely dissolved. At last, all tubes were 
incubated at 99 ◦C and 800 rpm for 10 min and transferred to DNA 
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purification on the AutoMate with an elution volume of 30 µL. At the 
same time, buccal swab samples were collected as PTCs.

2.1.7. MPS performance
MPS performance in five batch tests was evaluated using peripheral 

blood samples of 60 unrelated healthy individuals collected from 
Liaoning Province. All information regarding the nature of the research 
study for which their samples were used was shared with participants, 
and then all participants signed the informed consent form and agreed to 
the results published in scientific publications. This study was approved 
by the Medical Ethics Committee of China Medical University (No. 
[2023] 043).

2.2. DNA extraction and quantification

All samples were extracted and purified using the PrepFiler Express 
BTA™ Forensic DNA Extraction Kit (Thermo Fisher Scientific) on the 
AutoMate Express™ Forensic DNA Extraction System according to the 
manufacturer’s recommendations [37]. Genomic DNA (gDNA) and 
degradation index (DI) were quantified and measured on the Applied 
Biosystems® QuantStudio 5 Real-time PCR System (Thermo Fisher 
Scientific) using the Quantifiler® Trio DNA Quantification Kit according 
to the user guide [38]. All extracted and quantified DNA was stored at 
–20 ◦C.

2.3. Library preparation

Library preparation was performed using the ForenSeq™ mtDNA 
Whole Genome Kit (Qiagen) according to the manufacturer’s recom
mendations [39], mainly including six steps as follows: 

(1) Amplify and tag targets: 12 µL of each diluted gDNA (8.33 pg/µL) 
were split across two amplifications (50 pg each for a total of 
100 pg); otherwise, 12 µL extracts were directly used, e.g., 
sensitivity dilutions (50–2 pg total), nail (36 pg total), tooth 
(72 pg total), and hair samples (gDNA not quantifiable). Ampli
fication was performed in a volume of 15 µL containing 3.7 µL 
mtPCR1 Reaction Mix, 0.3 µL ForenSeq Enzyme Mix (FEM), and 
5 µL WGS1 or WGS2 on the ProFlex™ PCR System (Thermo 
Fisher Scientific) using the thermal cycling conditions of enzyme 
activation for 3 min at 98 ◦C, amplification for 8 cycles of 45 s at 
96 ◦C, 10 s at 80 ◦C, 2 min at 54 ◦C (ramp mode of 0.2 ◦C/s), 
1.5 min at 66 ◦C (ramp mode of 0.2 ◦C/s) and 10 cycles of 30 s at 
96 ◦C, 2 min at 68 ◦C (ramp mode of 0.2 ◦C/s), extension for 
10 min at 68 ◦C, and hold at 10 ◦C forever.

(2) Enrich targets: A total of 4 µL Index 1 (i7) adapters, 4 µL Index 2 
(i5) adapters, and 27 µL mtPCR2 Reaction Mix were consecu
tively added into each amplified target and then incubated for 
30 s at 98 ◦C, 15 cycles of 20 s at 98 ◦C, 30 s at 66 ◦C and 1.5 min 
at 68 ◦C, 10 min at 68 ◦C, and hold at 10 ◦C forever.

(3) Purify libraries: Enriched libraries from WGS1 and WGS2 were 
pooled together and then purified using 90 µL Sample Purifica
tion Beads 2/Proteinase K (SPB2/ProK) and 80 % fresh ethanol 
(EtOH) and then added 52.5 µL Resuspension Buffer (RSB). 
Herein, libraries from one set of sensitivity dilutions, repeat
ability, concordance, degraded samples, inhibitor samples, and 
case-type samples were performed with the optional second pu
rification; otherwise, libraries were purified once. Some purified 
libraries were quantified with the Qubit™ dsDNA HS Assay Kit on 
the Qubit™ 4.0 Fluorometer (Thermo Fisher Scientific) according 
to the manufacturer’s recommendations [40].

(4) Normalize libraries using a bead-based method: Each 20 µL pu
rified library was mixed with a 45 µL master mix of Library 
Normalization Additives 1 (LNA1) and Library Normalization 
Beads 1 (LNB1), then washed twice using 45 µL Library 
Normalization Wash 1 (LNW1), and mixed with 32 µL 0.1 N 

NaOH (HP3). Finally, each 30 µL Library Normalization Storage 
Buffer 2 (LNS2) was added to the 30 µL normalization library.

(5) Pool libraries: Normalized libraries were pooled in equal volumes 
(5 µL), but the number of pooled libraries depends on the data 
quality required. Although the manufacturer’s protocol recom
mended that the maximum number of 16 libraries can be sup
ported with the MiSeq FGx standard flow cell, 10–12 libraries 
along with one PTC and one negative control (NTC) were pooled 
in this study.

(6) Denature and dilute libraries (this step was modified): 5 µL 
pooled libraries was added into 600 µL Hybridization Buffer 
(HT1) and then mixed with 4 µL HP3-denatured Human 
Sequencing Control (HSC). The diluted normalized libraries 
(DNL) tube was placed on a thermomixer at 96 ◦C for 2 min and 
immediately in the ice-water bath for 5 min. There are two rea
sons for the modification. The first is that the actual volume is less 
than 5 µL when transferring pooled libraries from the pooled 
normalized libraries (PNL) tube on the preheated heat block into 
the DNL tube, possibly due to the thermal expansion and 
contraction effect. The second is that HSC did not meet the 
criteria of over intensity and discordant loci in the demo test, 
which may be associated with inadequate (only HP3 but no heat) 
denaturation.

2.4. Cluster generation, sequencing, and data analysis

Cluster generation and sequencing were performed using the 
Forensic Genomics run mode on the MiSeq FGx® Sequencing System 
(Qiagen) and the MiSeq FGx® Reagent Kit following the manufacturer’s 
instruction [41]. The entire volume of denatured libraries was loaded 
onto the reagent cartridge and sequenced with 2 × (201 + 8) cycles.

During sequencing, the Real-Time Analysis (RTA) performed pri
mary data analysis for calling bases and assigning quality scores. RTA 
quality metrics were viewed by the Sequencing Analysis Viewer Soft
ware (SAV) v1.9.1 (Illumina, CA, USA). After a run was complete, sec
ondary data analysis was automatically processed using the Verogen 
mtDNA Whole Genome Analysis Method in the Universal Analysis 
Software (UAS) v2.5.1 (Qiagen) [42] with some modifications: 6 % of 
Analytical Threshold, 10 % of Interpretation Threshold, 30 of Minimum 
Quality Score, and 45 of Minimum Read Count. This process involves 
demultiplexing the samples based on the index combinations, gener
ating FASTQ files from the demultiplexed binary base call (BCL) files for 
each sample, aligning raw reads to the revised Cambridge Reference 
Sequence (rCRS, NC_012920.1) using the maximal exact matches algo
rithm of the Burrows-Wheeler Aligner (BWA-MEM), removing known 
nuclear mitochondrial DNA segments (NUMTs) in the reference human 
NumtS (RHNumtS) compilation and the human mitochondrial database 
(HmtDB), screening mixed base positions using the Basic Local Align
ment Search Tool (BLAST) analysis, trimming low-quality nucleotides, 
< 40-nucleotide amplicons, primers, and/or adapter dimers, and calling 
variants using forensic rules and SWGDAM nomenclature [31]. Tertiary 
data analysis was conducted using the Integrative Genomic Viewer 
(IGV) package v.2.16.0 [43] if there were no calls, transversions, in
sertions and deletions (indels), point heteroplasmies (PHPs), and/or 
length heteroplasmies (LHPs). Herein, binary alignment map (BAM) and 
binary alignment index (BAI) files were stored in the D:\verogen\fuas 
\runs\run number\analyses\sample number\analyses number folder. The 
3107DEL called by UAS was revised to N3107 in all samples.

The rCRS-format reports were generated in the UAS for samples after 
manual inspection. The preliminary haplogroup assignment was 
enrolled from the highest-ranked haplogroup from HaploGrep 3 [44]
and EMMA [45] in the European DNA Profiling Group Mitochondrial 
DNA Population Database (EMPOP) v4/R13, respectively. Missing mu
tations and extra mutations were double-checked using IGV. The final 
haplogroup assignment was determined according to the rCRS-oriented 
version of the mtDNA PhyloTree Build 17 [46] and the EMPOP QC 

J. Xuan et al.                                                                                                                                                                                                                                    



Forensic Science International: Genetics 78 (2025) 103274

4

Report [47].

2.5. Statistics

The read depth (RD) was defined by summing all reads at a mito
chondrial nucleotide position (np). The amplicon RD balance was 
calculated by comparing the RD of an amplicon (without upstream and 
downstream overlaps) to the average RD of all amplicons (without up
stream and downstream overlaps), with 1.0 indicating an amplicon with 
a balanced RD [27]. The inter-amplicon balance was assessed as the 
proportion of amplicons with the value of the amplicon RD balance 
> 0.20. The strand bias (SB) was calculated as the ratio of forward to 
reverse strand reads (#F/#R) at a particular np. The amplicon SB bal
ance (without upstream and downstream overlaps) was measured as 1 −
(the strand direction with the smaller number of reads/the strand di
rection with the larger number of reads), i.e., 1 − (#S/#L), with 

0 indicating no SB of an amplicon and 1.0 indicating the presence of 
reads in only one direction [27]. The percentage of mtGenome coverage 
for a sample was estimated by dividing the total number of detectable 
nps by the expected 16569 nps. All values were extracted from a VCF file 
in the D:\verogen\fuas\runs\run number\analyses\sample number\ana
lyses number folder generated by UAS. One-way analysis of variance 
(ANOVA), F-statistic test, Wilcoxon rank test, and proportion test were 
performed using R version 4.3.1 [48]. Circos plots were generated by 
TBtools-II v2.070 [49], and other charts were done by Excel 2021 
(Microsoft, WA, USA).

3. Results and discussion

3.1. Run-level performance

The RTA quality metrics extracted from SAV are listed in Table S1, 

Fig. 1. MPS performance and variant distribution. A Circos plot of the mitochondrial genome (mtGenome) representing the coding genes (the first circle; n = 37; 
transfer RNA, ribosomal RNA, and protein genes abbreviated in black, green, and red, respectively), the nucleotide positions (the second circle; n = 16569; the 
control region and the coding region masked in dark grey and light grey, respectively), the average read depth (RD; the third circle; n = 60; the extremely low 
amplicon RD masked in orange and the relatively low amplicon RD masked in yellow), the forward/reverse strand balance (SB; the fourth circle; n = 60; SB > 1.0 
indicated in red and SB < 1.0 indicated in black; the low-performing amplicon masked in purple), and the variant distribution (the fifth circle; n = 2426), and the 
point heteroplasmy (PHP; n = 12; green) and length heteroplasmy (LHP; n = 36; black) distribution (the sixth circle). Details of amplicon RD and SB, genes and 
variants, PHPs, and LHPs are listed in Table S2, Table S3, Table S5, and Table S6, respectively.
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including the number of bases sequenced (i.e., yield total), the number 
of clusters (i.e., reads), the number of clusters passing filtering (i.e., 
reads PF), and the percentage of bases with a quality score of 20 or 30 or 
higher (i.e., %≥Q20 and %≥Q30, respectively) across 418 cycles on 19 
tiles, and the mean ± standard deviation (SD) across the 9 runs were 
calculated as 5.2 G ± 0.9 G, 14.06 M ± 2.93 M, 12.60 M ± 2.60 M, 
89.36 % ± 3.60 %, and 82.27 % ± 4.85 %, respectively. The UAS quality 
metrics in each run fell within the recommended range with some ex
ceptions, including PTCs (16570 positions called and ≥400 K passing 
filter reads for HL60), NTCs (0 positions called except for Run 4&7), run 
quality metrics (400–1650 K/mm2 of cluster density, ≥80 % of clusters 
passing filter, ≤0.25 % of phasing except for Run 3, and ≤0.15 % of pre- 
phasing), read and index quality metrics (read 1, index 1, index 2, and 
read 2), and human sequencing control (over intensity and 0 discordant 
loci). The run quality metrics presented on UAS are also summarized in 
Table S1, where the mean ± SD across the 9 runs were 1180 K/mm2 

± 263 K/mm2, 90.27 % ± 3.65 %, 0.217 % ± 0.029 %, and 
0.094 % ± 0.027 %, respectively. Herein, the phasing (0.279 %) in Run 3 
is labeled as out of the recommended range and may be associated with 
inhibitors existed (discussed in Section 3.4.4). Two variants called for 
NTCs in Run 4&7 will be explained in Section 3.4.6. Overall, the RTA 
and UAS quality metrics assessment revealed high-quality runs with 
excellent performance.

3.2. Sample-level performance

As shown in Figure S1, 86.67 % (52/60) of samples in five batch tests 
(Run 5–9) passed the sample read count guideline (400000 ×). The 
average sample intensity presented on UAS was 537671 × ± 118040 × , 
which was similar to the results of the same kit reported by Peng et al. 
[32]. Fig. 1 displays that the sample-level performance was evaluated on 
the average RD and average SB at each mitochondrial np from 60 
samples. Table S2 and Figure S2 show the average RD and SB of 234 
numbered amplicons (without upstream and downstream overlaps). The 
average RD and average SB of the control and coding regions are sum
marized in Table S3.

3.2.1. Read depth
In regards to the RD, the mean ± SD was calculated to 5084 ×

± 6904 × across 16569 nps, which was higher than those using the long 
amplicon method [5–8,13]. Herein, 100 % (16569/16569) and 98.24 % 
(16277/16569) of nps exceeded the 45 × and 100 × thresholds, 
respectively. A similar distribution pattern was also observed in previ
ous studies [31,32], and it did not change significantly among samples 
in this study.

In a more in-depth look at amplicon performance in Table S2 and 
Figure S2A–B, the average RD of 234 amplicons was 4500 × , and the 
amplicon RD balance ranged from 0.01 for mt_106 (nps 7508–7590) to 
10.20 for mt_221 (nps 15712–15788) with 73.93 % (173/234) ampli
cons > 0.20. Extremely low RD (amplicon balance < 0.05) was mainly 
identified in 13 amplicons marked in orange in Fig. 1, including mt_18 
(nps 1094–1177), mt_64 (nps 4299–4379), mt_88 (nps 6109–6149), 
mt_98 (nps 6718–6810), mt_104 (nps 7256–7367), mt_106 (nps 
7508–7590), mt_118 (nps 8290–8379), mt_178 (nps 12621–12683), 
mt_194 (nps 13657–13701), mt_204 (nps 14465–14532), mt_206 (nps 
14609–14682), mt_208 (nps 14768–14809), and mt_214 (nps 
15172–15213), occasionally in 5 amplicons marked in yellow in Fig. 1, 
including mt_54 (nps 3550–3606), mt_76 (nps 5307–5347), mt_85 (nps 
5858–5975), mt_101 (nps 7021–7090), and mt_218 (nps 15519–15581). 
Four low-performing amplicons (mt_54, 98, 76, and 218) were also re
ported by Peng et al. [32], in which another two amplicons were not 
observed in our study: mt_5 (nps 267–347; amplicon RD balance = 0.70) 
and mt_177 (nps 12466–12614; amplicon RD balance = 0.32). Addi
tionally, seven regions of amplicons (mt_54, 76, 194, 204, 206, 208, and 
218) were flagged with low performance when using two long ampli
cons on the Ion Torrent PGM platform [5]. These particularly low RD 

regions were mainly located within tRNA (e.g., glutamine, aspartic acid, 
and lysine), NADH dehydrogenase, and Cytochrome b coding regions 
(Table S3). The features and structures inherited in the mtGenome are 
likely to be independent of sequencing strategies and platforms applied.

Interestingly, 88.89 % (16/18) of low-performing amplicons were 
concentrated in the WGS2. A comparison of the amplicon RD showed a 
statistically significant difference (W = 11594, p < 2.20 × 10–16, Wil
coxon rank sum test with continuity correction), i.e., WGS1 (odd- 
numbered amplicons; 6930 × ± 7353 ×) yielded about three times 
higher than WGS2 (even-numbered amplicons; 2070 × ± 4277 ×) as 
shown in Figure S3. However, the amplicon RD did not have a linear 
correlation with the amplicon length (F = 2.0510, p = 0.1534, F-sta
tistic), and the coefficient of determination (adjusted R2) demonstrated 
that the amplicon length only explained 0.45 % of the amplicon RD 
variation. This was also confirmed by Holt et al. [31]. The primer set 
imbalance may be explained by discrepancies in targeted PCR and 
bridge PCR on account of preferential amplification, as well as by sto
chastic factors or inconsistencies in manual library preparation, which 
were also observed in previous studies using the Precision ID mtDNA 
Whole Genome Panel on the Ion S5 platform [20,22,24,27,50].

3.2.2. Strand bias
The mean ± SD of #F/#R was calculated for SB as 1.04 ± 0.38 

across 16569 nps. Also, the distribution plot in Fig. 1 showed fluctua
tions across the mtGenome, with more forward biases (54.25 % nps > 1) 
than reverse biases (45.75 % nps < 1).

Only 2.63 % (435/16569) of nps had a #F/#R value > 2.50 or 
< 0.40, namely a [1 − (#S/#L)] value > 0.60, which is a little higher 
than 1.68 % reported by Peng et al. [32]. The SB values were almost 
calculated as 0.00 between np 303 and np 347, indicating only reverse 
strand reads in this region, which was consistent with findings from 
previous studies [31,32]. It is explained by the fact that forward strand 
reads in this region do not meet alignment requirements due to the 
C-stretch, which is characterized by a variable number of consecutive 
cytosine (C) nucleotides. As a result, these forward strand reads are 
clipped by UAS [31].

In Table S2 and Figure S2C–D, the average value of #F/#R for the 
amplicon SB and [1 − (#S/#L)] for the amplicon SB balance across 234 
amplicons was 1.03 and 0.05, respectively. The amplicon SB balance 
ranged from 0.00 for mt_134 (nps 9489–9526) to 0.87 for mt_88 (nps 
6109–6149) with 2.14 % (5/234) amplicons > 0.60: mt_18 (nps 
1094–1177), mt_23 (nps 1488–1532), mt_85 (nps 5858–5975), mt_86 
(nps 5993–6023), and mt_88 (nps 6109–6149). Another 9 amplicons 
with a higher SB (amplicon balance > 0.20) are highlighted in purple in 
Fig. 1, such as mt_5 (nps 267–347), mt_60 (nps 3981–4028), mt_98 (nps 
6718–6810), mt_101 (nps 7021–7090), mt_113 (nps 7960–8014), 
mt_191 (nps 13469–13511), mt_207 (nps 14686–14746), mt_216 (nps 
15296–15358), and mt_234 (nps 16509–30). It was worth noting that 
the same five poorly performing amplicons (mt_18, 23, 88, 98, and 191) 
were also reported by Peng et al. [32]. However, unlike the amplicon 
RD, no statistically significant difference was found in comparing the 
amplicon SB between the two primer sets (W = 6676, p = 0.7456, 
Wilcoxon rank sum test with continuity correction). In addition, Fig. 1
displays the five most vulnerable amplicons, identified with low RD and 
high SB relative to the rest of the mtGenome: mt_18 (nps 1094–1177), 
mt_85 (nps 5858–5975), mt_88 (nps 6109–6149), mt_98 (nps 
6718–6810), and mt_101 (nps 7021–7090). These regions may need to 
be reviewed manually, base by base, using visual software tools.

3.2.3. MtGenome coverage
The average percentage of mtGenome coverage was 99.95 % 

± 0.15 %, with a range of 99.32 %–100.00 %. Of the 60 samples in this 
study, 52 (86.67 %) were observed with complete mtGenome coverage 
and 8 with amplicon dropouts due to mutations in primer-binding re
gions. This resulted in an on-target rate of 99.94 % (14032 out of 14040 
targeted amplicons). Figure S4 shows primer-binding mutations and 
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MITOMAP frequencies in the following off-target amplicons: mt_2 (nps 
108–146; 94A; 0.386 %), mt_43 (nps 2803–2850; 2887C; 0.296 %), 
mt_98 in two samples (nps 6718–6810; 6680C; 1.994 %), mt_104 (nps 
7256–7367; 7245G; 0.072 %), mt_118 (nps 8290–8379; 8393T; 
0.509 %), mt_194 (nps 13657–13701; 13722G; 0.739 %), and mt_229 
(nps 16198–16241; 16271C; 0.676 %). Each of these mutations, except 
for 6680C, was not included in the kit design as they occur at < 1 % in 
the MITOMAP Database r107 (accessed May 24, 2024).

3.3. Tertiary data analysis

The average number of variants found in 60 samples was 40, ranging 
from 27 to 54. A total of 2426 variants were observed at 491 nps, where 
2156 (88.87 %) were substitutions and 270 (11.13 %) were indels. 
Table S3 indicates that 760 (31.33 %), 1662 (68.51 %), and 4 (0.16 %) 
variants were observed in CR, gene-coding regions in CodR, and non- 
coding regions in CodR, respectively. The highest number of variants 

were observed in HVS-II (326 variants at 39 nps), Cyt b (304 variants at 
43 nps), and HVS-I (285 variants at 68 nps). As expected, a high density 
of polymorphisms was observed with 721 (29.72 %) variants at 117 nps 
when combining HVS-I, HVS-II, and HVS-III. Fig. 1 illustrates the variant 
distribution against mitochondrial nps, where variants 73G, 263G, 
315.1C, 750G, 1438G, 2706G, 4769G, 7028T, 8860G, 11719A, 14766T, 
and 15326G were observed from almost all samples (at least from 54 
samples) and variants 489C, 8701G, 9540C, 10398G, 10400T, 10873C, 
12705T, 14783C, 15043A, 15301A, and 16223T were observed from 
about half of the samples (at least from 30 samples). These high fre
quencies of variants were also observed in Northern Han Chinese except 
for 315.1C that was ignored in calculations [5]. Haplotypes and hap
logroups in this study were approved by the EMPOP with the accession 
number EMP00881.

3.3.1. Substitutions
In terms of substitutions, 2074 transitions and 82 transversions were 

Table 1 
Insertions and deletions (indels) observed in this study (N = 60).

Region rCRS Indel Manual inspectiona N UAS (IT: >20 % for INS and >30 % for DEL)b N LHP

191 A INS 191.1A 1 191.1A (99.9 %) 1 ​
247–249 GAA DEL 249DEL 9 249DEL (100.0 %) 9 ​
283–291 A2+C+A6 DEL 285DEL 1 285DEL (100.0 %) 1 ​
303–309 C7 INS 309.1C 20 309.1C (92.8 %) 11 ​
​ ​ ​ ​ ​ 309.1c (72.3 %) 5 Yes
​ ​ ​ ​ ​ 309.1C 309.2c (86.3 %; 29.8 %) 4 Yes
​ ​ INS 309.1C 309.2C 9 309.1C 309.2C (93.6 %; 83.1 %) 3 ​
​ ​ ​ ​ ​ 309.1C 309.2c (89.9 %; 67.2 %) 5 Yes
​ ​ ​ ​ ​ 309.1C 309.2c 309.3c 

(91.7 %; 71.7 %; 30.0 %)
1 Yes

311–315 C6 INS 315.1C 57 315.1C (95.2 %) 57 ​
303–315 C7+T + C6 DEL/INS 309DEL 315.1C 2 309T 310C (100.0 %; 100.0 %) 2 ​
​ ​ DEL/INS 309DEL 315.1C 315.2C 1 308.1T 310C (92.7 %; 100.0 %) 1 ​
318–319 TT INS 319.1T 1 319.1T (99.5 %) 1 ​
509–511 C3 DEL 511DEL 1 511DEL (100.0 %) 1 ​
514–524 C+ [AC]5 DEL 523–524DEL 27 523DEL 524DEL (84.0 %; 83.9 %) 27 ​
568–573 C6 INS 573.1C 573.2C 573.3C 573.4C 2 573.1c 573.2c 573.3c 573.4c 573.5c 

(76.2 %; 76.2 %; 71.4 %; 57.1 %; 31.7 %)
1 Yes

​ ​ ​ ​ ​ 573.1C 573.2C 573.3C 573.4c 
(80.0 %; 90.0 %; 90.0 %; 60.0 %)

1 Yes

​ ​ ​ 573.1C 573.2C 573.3C 1 573.1C 573.2C 573.3c 
(86.8 %; 86.8 %; 51.5 %)

1 Yes

​ ​ ​ 573.1C 573.2C 1 568.1a 568.2c 573.1c 573.2c 573.3c 
(21.4 %; 21.4 %; 56.1 %; 57.9 %; 26.3 %)

1 Yes

​ ​ ​ 573.1C 1 573.1C (96.4 %) 1 ​
594–595 CC INS 595.1C 1 595.1C (80.5 %) 1 ​
956–965 C5+T + C4 INS 960.1C 960.2C 960.3C 960.4C 960.5C 1 960.1C 960.2C 960.3c 960.4c 960.5c 

(80.2 %; 80.2 %; 79.9 %; 77.3 %; 53.6 %)
1 Yes

​ ​ INS 960.1C 4 [961C] 965.1c 965.2c (60.3 %; 28.7 %) 3 Yes
​ ​ ​ ​ ​ [961C] 965.1c (53.7 %) 1 Yes
​ ​ DEL 960DEL 1 960DEL (100.0 %) 1 ​
2227–2232 A6 INS 2232.1A 1 2232.1A (95.7 %) 1 ​
3168–3172 C5 INS 3172.1C 3 3172.1C (95.6 %) 3 ​
5895–5899 C5 INS 5899.1C 3 5899.1C (98.3 %) 2 ​
​ ​ ​ ​ ​ 5899.1c (77.1 %) 1 Yes
8271–8289 A+ [C5+TCT+A]2 DEL 8281–8289DEL 7 8271–8279DEL 

(92.6 %; 92.6 %; 92.6 %; 93.4 %; 92.6 %; 
92.6 %; 93.6 %; 93.5 %; 92.5 %)

7 ​

15940–15944 T5 DEL 15944DEL 1 15944DEL (100.0 %) 1 ​
16180–16193 A4+C5+T + C4 DEL 16193DEL 5 16182C 16183c 16189C 

(81.9 %; 48.8 %; 89.9 %)
2 Yes

​ ​ ​ ​ ​ 16182C 16183c 16189C 16193c 
(100.0 %; 46.1 %; 100.0 %; 68.0 %)

1 Yes

​ ​ ​ ​ ​ 16182c 16183c 16189C 
(67.8 %; 44.6 %; 100.0 %)

1 Yes

​ ​ ​ ​ ​ 16182DEL 16183DEL 16186.1T 16189C 
(100.0 %; 100.0 %; 93.8 %; 100.0 %)

1 ​

INS: insertion; DEL: deletion; LHP: length heteroplasmy.
a The misalignment called by the Universal Analysis Software (UAS) is emphasized in bold.
b The ambiguous call code is used for the indel and a base call at a position exceeding the interpretation threshold (IT), and the average indel frequency is listed in the 

bracket, e.g., 309.1c (72.3 %) shows an ambiguous insertion occurring at position 309 with an insertion call (the average frequency of 72.3 %) and a reference call of C, 
as both frequencies are more than 20 % established for the insertion IT in this study.
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observed with a 25.29:1 ratio of transitions to transversions, which was 
similar to the ratios of 20.89:1 in Northern Han Chinese [5] and 31.07:1 
in Eastern Han Chinese [51]. The EMPCHECK tool detected 5 new 
transversions (A9596T, C9779G, A10963C, A11800T, and A14914C, 
shown in Figure S5) that are not included in the EMPOP v4/R13, but 
A9596T, A11800T, and A14914C can be found in the MITOMAP r107. 
Additionally, 12 unique PHPs were found: 6 in CR and 6 in CodR (dis
cussed in Section 3.3.3). Furthermore, 4 tri-alleles (T9824A/C, 
G13928A/C, G15884A/C, and A16293C/G) were observed. All are 
included in the EMPOP and MITOMAP, and T9824A/C were reported in 
Northern and Southern Han Chinese [5,32]. Table S4 indicates no sta
tistically significant differences in alternative allele frequencies between 
the dataset from this study and the other datasets (all p > 0.05, Pro
portion test) except for G13928A (this study vs. MITOMAP).

3.3.2. Insertions and deletions
Unlike substitutions, indels generally occur at a lower frequency in 

the mtGenome. A total of 132 insertions were detected, including 10 
single-nucleotide insertions at nps 191 (191.1A), 319 (319.1T), 595 
(595.1C), 2232 (2232.1A), 3172 (3172.1C), and 5899 (5899.1C), as well 
as 122 Cn insertions at nps 309 (309.XC), 315 (315.XC), 573 (573.XC), 
and 960 (960.XC). Additionally, 138 deletions were found at nps 249, 
285, 309, 511, 523–524, 960, 8281–8289, 15944, and 16193. Two new 
indels (285DEL and 319.1T, shown in Figure S6) are not included in the 
EMPOP but in the MITOMAP.

The manual inspection of these 18 indel regions/positions in Table 1
revealed that UAS under the condition of customized ITs (>20 % for 
insertions and >30 % for deletions) and temporarily not considering 
LHPs (discussed in Section 3.3.3) correctly aligned 70.74 % (191/270) 
indels according to the ISFG guidelines [52] and misalignment was 
found in four regions. First, due to C309DEL existing, UAS misaligned its 
downstream nps towards the 5’ end but not the 3’ end, which resulted in 
C309T T310C C311–C315 in two samples and C308.1T C309 T310C 
C311–C315 in one sample (Figure S7). Second, a homopolymeric tract of 
11 Cs occurred between nps 956 and 965 due to T961C and the insertion 
of a C. According to the phylogenetic rule, T961 C and 965.XC in two 
samples are diagnostic mutations for haplogroup A5b, while T961C and 
965.XC in the other two samples are diagnostic and global private mu
tations for haplogroup N9a2. According to the forensic rule, indels 
should be placed at the 3’ end unless the phylogeny suggests otherwise. 
Thus, UAS initially notated this region as T961C and 965.1C (Figure S8). 
However, EMPOP authenticated and revised them to 960.1C and T961C 
according to the realigned PhyloTree Build 17 [53]. Third, UAS mis
aligned a 9-bp deletion towards the 5’ end (8271–8279DEL in Figure S9) 
rather than the 3’ end (8281–8289DEL) in all seven samples, which is 
not consistent with the forensic rule. Fourth, the most complicated re
gion was located around nps 16182–16193, containing an uninterrupted 
stretch of 12 Cs and a heteroplasmic mixture of sequences due to the 
presence of A16182C A16183C T16189C. When C deletions emerged, 
similarly, UAS always misaligned them to np 16183, occasionally along 
with np 16182, but not to np 16193 (Figure S10). This region must be 
thoroughly inspected using IGV and then named according to the 
SWGDAM interpretation guidelines [54,55]. Most importantly, UAS 
only provides the universally user-defined IT (>10 % set in this study 
instead of the default >6 %). The lower IT makes it more challenging to 
interpret indels within or around homopolymers [5] and then determine 
the major molecule of LHP. It would be beneficial if UAS could offer 
separatable ITs, e.g., > 10 % for substitutions, > 20 % for insertions, 
and > 30 % for deletions, as recommended by Sturk-Andreaggi et al. 
[56] and defined in Converge from Thermo Fisher Scientific [27].

3.3.3. Heteroplasmy
With respect to PHPs, the minor allele frequency (MAF) > 10 % was 

utilized as IT. In cases of LHPs, the major molecule was reported ac
cording to the ISFG and SWGDAM guidelines [52,54].

A total of 22 potential PHP positions were listed in Table S5. Finally, 

the removal of mixtures at 10 positions was authenticated as follows: (1) 
PHP hotspots at nps 4048 (4/60), 4104 (4/60), 4456 (4/60), 5147 (3/ 
60), 5580 (3/60), 8943 (3/60), 16444 (6/60), and 16496 (6/60) might 
be uncommon in a single population, and mixtures were actually caused 
by NUMT intrusions from HSA_NumtS_001_b1 (hg19 
chr1:564465–570304) and HSA_NumtS_587_b1 (HE613849.1) that 
were identified using the BLAST. Although UAS had been developed to 
eliminate potential mixtures and thereby could authenticate PHPs, 
NUMTs still bleed through in some instances, especially when a sample 
had low quality using the short amplicon method. (2) mixtures at nps 
8104 and 14720 violating the double-strand confirmation (i.e., obser
vation of the variant nucleotide in sequences from both directions [57]), 
where 8104G and 14720G were only observed on the reverse strands. 
Interestingly, mixtures at np 8104 might be caused by misalignment 
owing to 8281–8289DEL at the end of this amplicon. Hence, any PHP 
should be carefully interpreted by referring to raw data or confirmed by 
Sanger sequencing if necessary. Finally, 12 PHPs were observed among 
11 individuals, accounting for 18.33 % (11/60) of the individuals 
studied (Figure S11). One individual presented two PHPs (8812R and 
16086Y). Each position appeared to be heteroplasmic in only a single 
individual. Concerning the type of PHPs, five were purine transitions, 
and seven were pyrimidine transitions, but no transversion was detec
ted. The PHP distribution showed a frequency of 50 % was observed in 
the CR and 50 % in the CodR (16.67 % in tRNAs and 33.33 % in 
protein-coding gene positions), which was lower than 61.45 %–84.38 % 
of PHPs in the CodR in previous observations [5–7,24,32,58–61]. In the 
CR, 16093Y has often been observed as a hotspot [5,57] with a high 
frequency indexed in the EMPOP (299 hits in 48572 mitogenomes). 
Additionally, 207R, 235R, 16086Y, 16124Y, and 16201Y were observed 
in the EMPOP. In the CodR, five PHPs (7028Y, 8812R, 12311Y, 13038Y, 
and 14693R) in our study were unique, and 8784R could be observed in 
the EMPOP (1 hit in 4471 mitogenomes). This randomly distributed 
pattern of PHPs in the CodR was also observed in previous studies [5,32, 
57].

LHP is believed to occur due to polymerase slippage during DNA 
replication, which is often observed when there are seven or more 
consecutive cytosines (Cs) within C-stretches [56]. Additionally, LHP is 
usually found due to stutters of [AC]n in nps 515–524 and [C5+TCT+A]n 
in nps 8272–8289 [57]. In this study, half of the individuals (30/60) 
exhibited LHPs using insertion IT > 20 % and deletion IT > 30 %. A 
total of 24 individuals had only one LHP, while the remaining in
dividuals carried more than one LHP. The observed ranges of LHPs were 
found in nps 303–309 (8–9 Cs), 568–573 (8–10 Cs), 956–965 (10–11 
Cs), 5895–5899 (6 Cs), and 16182–16193 (7–12 Cs). Table S6 indicates 
that 83.33 % (30/36) of LHPs and 45.00 % (26/60) of samples were 
observed in the common C-stretches of the CR, with the highest fre
quency (25.00 %; 15/60) located in nps 303–309 and the second highest 
(18.33 %; 11/60) in nps 16182–16193. These LHP hot ranges in HVS-II 
and HVS-I have also been reported in previous studies [5,56,58,62]. 
Contrasting with earlier research [5,25,58], LHP in nps 311–315 was not 
observed in this study and Peng et al. [32]. Similarly, LHPs in nps 
515–524 and 8272–8289 were not observed here but were reported by 
Peng et al. [32] using the default deletion IT (>6 %). These results can 
differ based on the enrichment methods, sequencing chemistries or 
platforms, and analysis software or workflows.

3.4. Internal validations

Internal validations are intended to demonstrate that established 
methods and procedures perform as expected for forensic applications in 
our MPS laboratory, including sensitivity, repeatability, concordance, 
degraded samples, inhibitor samples, case-type samples, and contami
nation assessment in this study. Fig. 2 shows the number of reads (in
tensity) and read distribution for each sample (Run 1–4).
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3.4.1. Sensitivity
Sensitivity studies were conducted with the HL60 gDNA at various 

input levels: 100 pg, 50 pg, 20 pg, 10 pg, 5 pg, and 2 pg. The studies 
were performed twice: once using two rounds of bead purification 
(sample intensity shown in Run 1 in Fig. 2 and average RD per np 

represented by the dark green bars in Figure S12) and once with one 
round of bead purification (sample intensity shown in Run 2 in Fig. 2
and average RD per np represented by the light green bars in 
Figure S12). It indicates that two rounds of purification followed by the 
bead-based normalization (BBN) method can improve data recovery 

Fig. 2. Sample intensity in internal validations. The vertical light blue area represents the minimum number of reads (400000 ×) recommended for a given sample. 
The bar graph illustrates the total reads from the associated sample in Run 1–4, where the read count is depicted as ≥ 400000 × in green and < 400000 × in grey.
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from the mtGenome for samples with an input of 20 pg gDNA or less 
(intensity >100 % increases and average RD >150 % increases in 
Table S7). This improvement was also observed in the developmental 
validation studies between two rounds of purification followed by the 
manual quantification normalization (QN) and one round of purification 
followed by the BBN [31]. As expected, Figure S12 illustrates the 
average RD declined with each reduction in the gDNA input amount. 
Additionally, the percentage of the mtGenome coverage was 100 % at 
each amount with two rounds of purification. However, gaps appeared 
in the mtGenome with one round of purification when the amount 
decreased to 5 pg (mt_106 and mt_204 dropouts) and 2 pg (mt_18, 98, 
106, and 204 dropouts). These low-performing amplicons were identi
fied in Section 3.2.1. Fortunately, all 35 expected variants (34 sub
stitutions and one insertion) for HL60 were obtained at each amount, 
and thus the haplogroup assignment was accurately estimated. Further, 
the percent C at 315.1C, T2445Y, and T12071Y in the Sample Report 
were compared, revealing no significant differences between one and 
two rounds of bead purification (all p < 0.05, one-way ANOVA). Thus, 
the average proportions were calculated as 80.28 % ± 5.03 % for 
reference allele T and 19.72 % ± 5.03 % for alternative allele C at 
2445Y and 48.39 % ± 7.89 % for reference allele T and 51.61 % 
± 7.89 % for alternative allele C at 12071Y. The results observed were 
comparable to those of 2445Y (T: 84.70 %; C: 15.30 %) and 12071Y (T: 
48.50 %; C: 51.50 %) as reported by Cihlar et al. [50]. Additionally, they 
were similar to 12071Y (T: 50.44 %; C: 49.56 %) reported by Riman 
et al. [63], but differed from the results for 2445Y (T: 92.25 %; C: 
7.63 %). The conclusion reached by Cihlar et al. [50] may be associated 
with the use of cell lines from differing lots.

3.4.2. Repeatability and concordance
Repeatability studies were performed by sequencing five control 

DNA libraries (HL60, DNA007, 2800M, 9947A, and 9948) in two 
separate runs on the same MiSeq FGx instrument by the same operator. 
The one-way ANOVA results showed no significant differences between 
the two runs in sample intensity (p = 0.6835), average RD (p = 0.4042), 
average amplicon RD (p = 0.4707), or average #F/#R ratio 
(p = 0.4153). Precision was measured by the percentage of the mtGe
nome coverage [31]. The results demonstrated 100 % precision for the 
mtGenome, and consistent variants from five control samples were 
identified in two separate runs. The pairwise difference of variant fre
quency (variant reads divided by total reads at a variant position) for 
each variant in each sample between two runs was 0.00 % for sub
stitutions, 2.32 % ± 2.42 % for PHPs, and 1.33 % ± 1.50 % for in
sertions and mixed insertions, respectively. The maximum difference 
was observed at 2445Y from HL60 (6.24 %) and 573.3C from DNA007 
(4.75 %), respectively, which was similar to the proportions of mixed 
bases (9.60 %) and length and mixed length regions (3.30 %) reported 
in developmental validation studies [31]. Additionally, the PTCs (HL60) 
from different lots were evaluated. The data showed that 32 consistent 
substitutions and one insertion were observed in the HL60 across 9 runs 
in this study and previous studies [31,32,50,63]. However, two posi
tions involving PHPs (IT > 10 %) exhibited variability (Figure S13). At 
np 2445, the reference allele T was recorded in [32,63] and in Run 4, 7, 
and 9 with the alternative allele C frequency of 0.0 % inspected using 
IGV, while 2445Y was called in [31,50] and in other runs (C: 20.83 % 
± 2.74 %). Similarly, T12071 was observed in [32] and the same runs 
(4, 7, and 9) with the alternative allele C frequency of 1.0 %, but other 
studies [31,50,63] and other runs (C: 50.53 % ± 1.71 %) in this study 
identified it as 12071Y. As discussed in Section 3.4.1, it was explained by 
lot-to-lot variation [50] and also observed in the example run from the 
UAS server (Figure S13).

The haplotypes from the five control DNA samples included in 
concordance studies are detailed in Table S8. The variants for DNA007 
showed concordance with 35 substitutions and 5 insertions previously 
reported using the Ion S5 sequencer [27,50], with the exception of three 
heteroplasmic positions: 1420, 1599, and 2413. The 1420Y was 

identified in duplicate with an average frequency of alternative allele C 
at 20.4 %, but T1420 was referenced in [27,50]. In contrast, the 1559R 
was reported in [27], while A1559 was called in this study as well as in 
[50] with an average G frequency of 7.7 %. The 2413Y was also called in 
duplicate with an average T frequency of 15.06 %. However, C2413 was 
reported in [27] and in [50] with 4.9 %. The haplotypes for 2800M and 
9947A were fully concordant with those reported by Cihlar et al. [50]. 
For 9948 Male DNA, 34 substitutions matched those reported by Chen et 
al. [14], but two insertions (309.1C and 315.1C) were missing using that 
nanoball sequencing platform. Repeatability and consistency studies 
have shown that PHPs are most prone to discordance for control DNA 
samples, followed by LHPs, which vary in sequencing platforms/che
mistries, analysis software/interpretation thresholds, and lots of cell 
lines [50].

3.4.3. Degraded samples
Degraded samples were obtained with 29 identical variants (27 

substitutions, one deletion, and one insertion) and assigned to hap
logroup F2d, with 0.71 (PTC), 4.52 (Day 3), 63.84 (Day 6), and 146.01 
(Day 9) DI. Interestingly, the concentration of purified mtGenome li
braries (listed in Table 2) and the number of reads (shown in Run 3 in 
Fig. 2) were progressively generated with DI increased. This may be due 
to the method used to quantify gDNA to infer mtGenome content (50 pg 
gDNA ~ 6000 mtGenome copies [12]). The Quantifiler® Trio DNA 
Quantification Kit is designed to amplify and detect the human-specific 
target loci, which consist of multiple copies dispersed on various auto
somal chromosomes, known as the Small Autosomal (SA; 80 bp) and 
Large Autosomal (LA; 214 bp) targets, and male-specific multiple copies 
on the Y-chromosome, known as the Y targets (75 bp) [38]. The primary 
quantification targets (SA and Y) are utilized to detect degraded sam
ples. DI refers to the data observed when a sample shows a reduction in 
the measured amount for LA compared to SA, i.e., DI = SA concentration 
/ LA concentration [38]. Thus, mtGenomes were input more than ex
pected because they may be less degraded than nuclear genomes, as also 
observed in aged bones reported by Obal et al. [64]. Although > 0.99 of 
average #F/#R ratio and 100 % of mtGenome coverage were achieved 
from all samples, the number of low-performing amplicons (specifically 
mt_85 from Day 6 and mt_18, 85, 101, and 106 from Day 9) and artificial 
heteroplasmic positions (np 247 from Day 6 and nps 247 and 1041 from 
Day 9) was incrementally observed with DI increased. Table 2 shows the 
number of variants/alleles and the percentage of profiles of degraded 
samples obtained using the ForenSeq™ mtDNA Whole Genome Kit and 
MPS/CE A/Y-STR kits [65,66]. Clearly, the mtGenome assay proved to 
be more advantageous for severely degraded samples (DI >10) and was 
found to be superior to the MPS A/Y-STR kits, which in turn were better 
than the CE-A/Y-STR kits. This has been discussed in previous studies 
[65,66].

3.4.4. Inhibitor samples
Hematin has been identified as a PCR inhibitor in samples. It is co- 

extracted and co-purified with DNA and subsequently interferes with 
PCR by inhibiting the activity of polymerase [67]. Fig. 3A shows that the 
input DNA amount from inhibitor samples, along with other samples in 
Run 3, was added at 100 pg into targeted PCR amplification. However, 
the average concentration of mtGenome libraries for inhibitor samples 
was only 0.65 ng/µL after two rounds of purification, which was sharply 
decreasing compared to the PTC sample (Fig. 3B). Without doubt, the 
sample intensity of inhibitor samples averaged 0.067 M reads, far lower 
than the recommended minimum number of reads (0.4 M), and so did 
the average RD (560 ×) in Fig. 3C, which was only one-tenth of the reads 
reported in Section 3.2.1. It indicates that the Automatic 96 Channel 
Micro DNA Extraction Workstation did not remove the inhibitors well, 
thereby affecting the downstream workflow. As shown in Figure S14, 
the CE results can also confirm this speculation. Further, the same in
hibitor samples were processed for extraction and purification on the 
AutoMate Express™ Forensic DNA Extraction System, resulting in a 
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three-fold increase in the final concentration of purified mtGenome li
braries (data not shown). Additionally, samples with high levels of in
hibitors cannot only negatively affect targeted PCR amplification of 
their own DNA but also potentially inhibit cluster generation and 
sequencing [68]. Quality metrics for Run 3 in UAS were within the 
recommended range, except for phasing (> 0.25 % in Figure S15). This 
suggests that the efficiency of sequencing synthetase is reduced, which is 
common in the case of outdated reagents and pooled libraries containing 
too many inhibitors [68].

3.4.5. Case-type samples
The analyses of mtGenome for blood and muscle samples have been 

presented in Sections 3.2–3.3 and 3.4.3, respectively. Five other types of 
samples (nail, tooth, bone, buccal swab, and hair shaft) were also 
examined (Table S9 and Fig. 2).

For the nail sample, the quantified concentration of gDNA was 3 pg/ 
µL; thus, only 36 pg of input gDNA (18 pg each for WGS1 and WGS2) 
could be added during the library preparation. This amount is below the 
minimum requirement of 100 pg for both CE and MPS assays needed to 
obtain complete STR and/or SNP profiles [65,66,68–70]. In earlier 
studies, incomplete profiles with 15, 60, and 87 alleles were explored 
from the same nail at 45 pg of input gDNA using the PowerPlex® 21 
System, Precision ID Globalfiler™ NGS STR Panel v2 [65], and Grand
Filer Y-STR Panel [66], respectively. Despite this, the average RD 
(13383 ×) and SB (0.9952) across 16569 positions for the nail were 
comparable to those for other samples in the same run. No loss of 
mtGenome coverage was observed, and 45 variants (41 substitutions, 
three insertions, and one deletion) were identified and assigned to 
haplogroup Z3d, which aligns with the genetic background of the East 
Asian population [46].

This issue was also noted in the severely degraded tooth sample (DI =
11.21), for which only 72 pg of input gDNA (36 pg each) could be added 
maximally. This amount also falls below the minimum requirement of 
100 pg. Only 10–26 alleles were unearthed using CE/MPS A-STR kits 
[65]. The comparable average RD and SB were obtained across the 
mtGenome, with two low-performing amplicons (mt_85 and mt_101 
identified in Section 3.3.2). The percentage of mtGenome coverage was 
99.43 %, with two amplicon dropouts due to 1–2 mutations in 
primer-binding regions (Figure S16). The first dropout was the mt_141 
(nps 9999–10048), which was associated with a rare mutation 9968T (a 
frequency of 0.098 % in MITOMAP) in the upstream primer-binding 
region. The second dropout occurred in the mt_229 (nps 
16198–16241), resulting from two mutations, 16261T with 7.066 % 
frequency and 16270T with 4.961 % frequency, in the downstream 
primer-binding region. Although two mutations occur at > 1 % in the 
MITOMAP, the manufacturer only designs the degenerate primers for np 
16261 but not np 16270. In total, 19 substitutions, three insertions, and 
11 deletions were identified and assigned to haplogroup B4g1a, while 
more irreproducible mixed bases not at diagnostic sites were observed 
than expected, such as 2378Y, 6482Y, 8215Y, and 9922Y. Those mixed 
bases may be caused by cytosine deamination in severely degraded 
samples [71].

Fortunately, although the bone sample was moderately degraded (DI 
= 7.31), the concentration of gDNA was measured at 26 pg/µL. At the 
recommended amount of input gDNA, 100 % of mtGenome coverage 
and 37 variants were achieved. Although this study had limited data, the 
results indicate that the ForenSeq™ mtDNA Whole Genome Kit is 
effective for detecting trace samples and/or severely degraded samples 
in real scenarios.

Most importantly, hair shafts and shed hairs without follicular tissue 
represent one of the most commonly encountered sample types in 
various cases, which often have limited DNA quantity and quality [12]. 
Hair shaft samples were prepared according to the procedures outlined 
in Section 2.1.6. As illustrated in Fig. 2 and Fig. 4, both the sample in
tensity and the average RD decreased as the segment length was 
reduced. Meanwhile, an increase in poorly performing amplicons Ta
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Fig. 3. Inhibitor samples. Subgraphs are plotted against four degraded samples, one positive control, and eight inhibitor samples in Run 3. (A) The amount of 
genomic DNA (gDNA) input into the targeted PCR is quantified using the Quantifiler® Trio DNA Quantification Kit on the Applied Biosystems® QuantStudio 5 Real- 
time PCR System. (B) The concentration of libraries following two rounds of purification is measured with the Qubit™ dsDNA HS Assay Kit on the Qubit™ 4.0 
Fluorometer. (C) The average read depth per nucleotide position (np) is determined by summing all reads from a Variant Call Format (VCF) file and dividing the total 
by 16569 nps.

Fig. 4. Hair shaft and buccal samples. Group 1 consists of four undyed hair shafts (2 cm, 1 cm, and 0.5 cm from the root; 2 cm from the tip) collected from sample G 
along with one buccal swab. Group 2 comprises four undyed hair shafts (2 cm, 1 cm, and 0.5 cm from the root; 2 cm from the tip) and one grey hair shaft (2 cm from 
the root) obtained from sample L as well as one buccal swab. (A) The bar graph illustrates the average read depth at each nucleotide position. To the right, the 
corresponding specimen collected is presented with a ruler below. (B) The 100 % stacked bar shows the discrepancy and its variant frequency observed at a particular 
position among buccal and hair shaft samples. (C). A Circos plot displays the distribution of low-performing amplicons and/or gaps in a sample.
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(yellow regions marked in Fig. 4) was noted with the length shortened. 
This observation is consistent with the expectation that as more hair 
shaft is extracted, more mtDNA is recovered [72]. In a comparative 
analysis of the RD for 234 amplicons obtained from 2 cm proximal and 
2 cm distal hair shafts, it was determined that there were no statistically 
significant differences observed in sample G (p = 0.8011, one-way 
ANOVA) and sample L (p = 0.2632, one-way ANOVA). Similarly, no 
statistically significant difference was found between 2 cm undyed and 
gray proximal hair shafts in sample L (p = 0.3033, one-way ANOVA). 
Previous systematic studies have demonstrated that mtDNA quantity 
and quality decline distally from the root end of a hair [73]. However, 
the limited data in this study indicates that the location and state of the 
hair shafts sampled have little effect on the RD when using the Fore
nSeq™ mtDNA Whole Genome Kit. Compared with the buccal swab for 
sample G, the mtGenome coverage for all hair shafts was 100 %, and 35 
identical variants (32 substitutions, two insertions, and one deletion) 
were identified and assigned to haplogroup F2a. Among substitutions, 
the heteroplasmic variant 16093Y is a PHP hotspot with the frequency of 
alternative allele C ranging from 6.00 % to 89.23 %, as illustrated in 
Fig. 4. Notably, mixed bases were detected in the hair tip (1227Y), while 
they were absent in the other samples (T1227). In sample L, all buccal 
and hair shaft samples yielded 99.46 % of mtGenome coverage, along 
with a consistent amplicon mt_118 dropout (nps 8285–8390). This 
occurrence was attributed to a rare primer-binding mutation 8392A, 
with a frequency of 0.705 % in MITOMAP (Figure S17). Consequently, 
31 identical variants (29 substitutions and two insertions) were 
explored, while two additional mixed bases were encountered: 1229Y in 
the 1 cm half shaft and 12733R in the 0.5 cm half shaft. Nevertheless, 
these discrepancies did not affect the assignment of all samples into 
haplogroup Y1b1. True PHPs can be observed in a single hair or among 
hairs in a single individual [74]. Additionally, low-frequency variants in 
heteroplasmic sites may arise from NUMTs, mega-NUMTs, mixtures, 
cytosine deamination, and stochastic/sequencing errors [71].

3.4.6. Contamination assessment
The NTC should be evaluated for the presence of exogenous DNA that 

may come from reagents, consumables, other samples, the operator, 
and/or the laboratory environment [36]. The outcomes are presented in 
Table S10 for nine NTCs that were prepared along with other samples in 
Run 1–9. On average, 64 bases were covered using the default settings. 
Of these NTCs, six showed no reads across the mtGenome, while three 
NTCs exhibited detectable regions (two regions in Run 5 and three re
gions in Run 4&7) that ranged from 155 to 227 total bases. The average 
RD in the covered regions across these three NTCs varied from 64 × for 
the two regions of 155 bases to 114 × for the three regions of 227 bases. 
Furthermore, two variants were called: 11467G (RD: 123 ×) for NTC-4 
and 3492G (RD: 84 ×) for NTC-7. A comparative analysis was conducted 
between these two NTC variants and the variants and mixed bases 
(below the 10 % interpretation threshold) from all samples and opera
tors involved in this study; however, no overlaps were identified. Also, 
3492G was not indexed in the EMPOP, and 11467G was not reported in 
the East Asian population. Figure S18A illustrates the distribution of the 
relative RD, defined as the ratio of RD for the NTC compared to the PTC 
within the same run at each np [27]. The average relative RD for NTCs 
was 0.0124 % ± 0.1384 %, markedly below the 6 % analytical 
threshold. Interestingly, the background noise in NTCs was relatively 
cleaner when employing two rounds of purification (e.g., Run 3&4) than 
one round (e.g., Run 5, 7&9), as depicted in Figure S18B. This obser
vation further suggests that a second purification is highly beneficial for 
the amplified libraries to remove other reaction components. However, 
the stochastic base/variant calling encountered in the NTCs is a chal
lenging phenomenon to circumvent, arising from the inevitable incor
poration of aerosols during the pipetting process, the high sensitivity of 
the ForenSeq™ mtDNA Whole Genome Kit, and the occurrence of bio
informatic errors, which have also been reported in previous studies [27, 
31–33]. Fortunately, these contaminations in NTCs did not interfere 

with the mitochondrial analyses in this study.

4. Conclusion

The article delineates the workflow of library preparation utilizing 
the ForenSeq™ mtDNA Whole Genome Kit, as well as clustering and 
sequencing conducted on the MiSeq FGx® Sequencing System, followed 
by data analysis employing the UAS. Additionally, we assess its MPS 
performance across 9 consecutive runs and conduct internal validations 
in accordance with the SWGDAM guidelines. The workflow demon
strates proficient run metrics and MPS performance when 12–14 li
braries are sequenced within a standard flow cell, including > 80 % of 
reads passing filter, > 80 % bases with ≥Q30, > 5000 × of the average 
RD at nps, ~1.0 of the average forward/reverse SB, > 70 % of the inter- 
amplicon balance, and > 99 % of the mtGenome coverage. Furthermore, 
the internal validations reveal favorable outcomes. Specifically, the 
workflow can produce repeatable and reproducible results, generate 
complete mtGenome profiles from ≥ 2 pg input gDNA for high quality 
samples/control DNA or ≥ 0.5 cm hair shafts, and recover more/com
plete mtGenome information from severely degraded samples (DI >10) 
and various types of case samples. Overall, the ForenSeq™ mtDNA 
Whole Genome Kit, including 234 short overlapping amplicons with an 
average size of 131 bp, can meet forensic needs on the whole mtGenome 
sequencing in real scenarios.

In addition, this study brings some experiences on the utilization of 
the ForenSeq™ mtDNA Whole Genome Kit. (1) DNA extraction and 
purification: An appropriate workstation should be employed for the 
lysis of mitochondrial organelles and removal of potential inhibitors, 
such as the AutoMate Express™ Forensic DNA Extraction System instead 
of the Automatic 96 Channel Micro DNA Extraction Workstation in 
Section 3.4.4. (2) DNA quantification: The method used for quantifying 
gDNA to infer mtGenome content may underestimate the actual mtGe
nome copies, particularly within severely degraded samples (Section 
3.4.3). (3) Purify libraries: Conducting two rounds of purification can 
more effectively remove additional reaction components (Section 3.4.6) 
and enhance data recovery from the mtGenome, especially for low-input 
samples (Section 3.4.1). (4) Denature and dilute libraries: The pooled 
libraries can be more easily transferred and more fully denatured by 
adhering to the procedures outlined in the ForenSeq™ DNA Signature 
Prep Kit User Guide (Section 2.3). (5) Primer set imbalance: The 
amplicon RD for WGS1 is significantly higher than that for WGS2 
(Section 3.2.1), which has also been observed in other manufacturers’ 
kits. Whether or not to change the WGS1/WGS2 ratio necessitates 
further internal validation; however, it was not adjusted in this study. 
(6) Low-performing amplicons: The five most vulnerable amplicons 
exhibiting low RD and high SB are identified in Section 3.2.2, such as 
mt_18 (nps 1094–1177), mt_85 (nps 5858–5975), mt_88 (nps 
6109–6149), mt_98 (nps 6718–6810), and mt_101 (nps 7021–7090), 
and those highly occurred in internal validations. An updated Verogen 
mtDNA Whole Genome V2 Analysis Method is introduced in UAS v2.6.0 
or later, which improves the NUMT filter to prevent incorrect filtering of 
reads aligning to the mtGenome and facilitates the recovery of samples 
reads that align to the nuclear genome but have higher mapping to the 
mtGenome. Perhaps low-performing amplicons will be improved using 
the new analysis method. (7) Primer-binding mutation: Although the 
manufacturer has addressed known variants located in primer-binding 
regions, specifically those with > 1 % frequencies documented in 
MITOMAP, in instances where the mtGenome is not completely covered, 
the presence of rare mutations needs to be considered (examples in 
Sections 3.2.3 and 3.4.5). (8) Manual inspection: The overwhelming 
substitutions are accurately reported by UAS (Section 3.3.1), while 
indels, PHPs, and/or LHPs still need to be manually checked (Sections 
3.3.2 and 3.3.3). First, UAS cannot provide separable interpretation 
thresholds, e.g., > 10 % for substitutions, > 20 % for insertions, and 
> 30 % for deletions, and it does not consider the major molecule rule 
reported for LHPs. Second, UAS edits the BAM files and Sample reports 
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for commonly observed indels according to the forensic rule but over
looks 8281–8289DEL. Third, the most complex region (nps 
16182–16193) unequivocally needs manual inspection. (9) Lot-to-lot 
variation of PTCs: Despite utilizing the HL60 inside different lot- 
number kits provided by Qiagen, discordance can still be observed at 
positions involving PHPs (Section 3.4.2). (10) Contamination: Even 
though we do our best to avoid contamination with exogenous DNA 
throughout the process, the NTCs in certain runs still cover some reads 
(Section 3.4.6). These experiences may not always be comprehensive 
due to the limited sample size. We aspire to furnish helpful information 
for forensic laboratories considering implementing the ForenSeq™ 
mtDNA Whole Genome Kit.
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